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Declaration Under 37 C.F.R. § 1 . 1 32 



Sir: 



I, Edward R. LaVallie, declare the following in support of the above-identified 
application. 

I am a Ph.D. candidate in the Department of Pharmacology at Boston University 
School of Medicine, nearly completed with <he dissertation research. I hold an M.S. from the 
University of Connecticut in Micr sbiolc^y. 1 also hold a B.S. in Biology from American 
International College. 

I currently serve as a Senio: Scientist /Associate Director at Wyeth where I work on 
research and development on osteoarthritis, muscular dystrophy, atherosclerosis, obesity, and 
asthma in the Department of Di icovery Medicine. I have previously worked on 
hematopoeisis and the bacterial fjt* session of mammalian proteins. I have worked 
continuously in the biotechnology a^u pharmaceutical industries for over twenty-one years. 

I have included an updated copy of my curriculum vitae (Exhibit A) documenting my 
educational and professional backgiound, along with a list of publications, patents, and 
presentations on which I have contrib \ * ted as an author. 

By virtue of my research, I am very knowledgeable regarding the current literature, 
theory, and recent developments relati ng to in vitro and in vivo models. 

I am familiar with U.S. Patents, and I am named as an inventor on many pending 
patent applications and on thirty-seven (37) issued U.S. patents. 

I am submitting this Declaration on behalf of the Assignee of the instant application in 
order to declare that the in vitro da;a in Example 7 of the specification (pgs. 52-53) represents 
an acceptable in vitro model that i* -xper'ed to reasonably correlate with in vivo results. The 
in vitro data is derived from the MLB 1.^/1 YC-clone 14 cell line, as described in Rosen, V., et 
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al. (Journal of Bone and Mineral Research, 9(11): 1759-1768 (1994)) hereinafter "Rosen" 
(Exhibit B). 

I am familiar with the prosecution histoiy of this patent application, having read in 
particular the specification, the currently pending claims, and the Examiner's position 
regarding in vitro data, as set forth in the Office Action dated November 12, 2003 (Exhibit 
C). 

In order to analyze the disclosed in vitro utility, I reviewed Rosen in light of my own 
knowledge of the state of the art relating to cell lines and in vivo activity. Specifically, I 
reviewed the specification and Rosen in order to determine if the activity of the cell line 
should reasonably correlate with in vivo activity. 

The Examiner alleges that with regard to "the in vitro, cell culture assay, for the 
reasons of record, no one of skill in the art would believe that the invention could be used as 
suggested based only on the cell culture information provided in the specification" (Exhibit 
C, p. 3, lines 10-13). 

Rosen asserts that the response of these celis to growth factors (BMP-2 in the specific 
example in the paper) is likely to recapitulate the in vivo condition: Figure 5 depicts a model: 
of in vivo differentiation that the authors propose, based upon their observations with the 
MLB13MYC-clone 14 cells. Therefore, the authors believe (and we concur) that the in vitro 
responsiveness of these cells can reasonably mimic the in vivo condition; in fact, it is the very 
premise of the paper. The final paragraph in the Rosen paper reiterates this premise. 

The increase in cartilage marker? in Example 7 demonstrates that SDF-5, in 
combination with BMP-2, is involved in the regulatory pathway for the formation of 
cartilage The present invention, as set forth in the claims, can therefore be used in the 
treatment of cartilage disorders, such as osteoarthritis, rheumatoid arthritis, and articular 
cartilage defects. The use of SDF-5 in combination with BMP-2 to increase cartilage 
formation is a credible utility. 

As one of skill in the art, I believe that the in vitro data as set forth in the instant 
patent specification reasonably supports applications in vivo. Accordingly, I disagree with 
the Examiner's assessment set forth in the Office Action dated November 12, 2003, and, in 
particular, to the statements alleged therein. 

1 further declare that all statement; made herein of my own knowledge are true and 
that all statements made on information and b^hef are believed to be true; and further that 
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these statements were made with the knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment, or both, under Section 001 of Title 18 of the 
United States Code, and that such willful false statements may jeopardize the validity of the 
above-referenced application or any patent issuing thereon. 




Edward R. LaVal 
Senior Scientist 
Associate Director 
Wyeth Research 



NOTARY 



Commonwealth of Massachusetts 



ss: 
_1 



On the c3 a day of />^^^aX2P04, Dr. Edward R. LaVallie personally appeared 
before me, known by me to be the same person described in and who executed the foregoing 
instrument, and acknowledged that he executed the same, of his own free will and for the 
purposes set forth. 
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Work: 

200 CambridgePark Dr. 
Cambridge, MA 02140 
(617)665-5029 
elavallie@wyeth.com 



Professional Experience 

Wyeth Research, Cambridge, Massachusetts 

3/2003-Present: Senior Scientist/Associate Director, Preclinical Biology Group, 
Department of Discovery Medicine 

Newly formed department within Discovery Research focused on discovery and 
validation of biomarkers to support Development stage compounds entering clinical 
trials; testing candidate compounds in in vitro, in vivo, and ex vivo assays to assist in lead 
compound selection; animal model validation studies comparing human disease samples 
to various animal models of human disease; and discovery and validation of novel 
disease targets in osteroarthritis. I direct a group of 6 scientists with expertise in 
molecular biology, transcriptional profiling, assay development, and heterologous gene 
expression, with a focus on osteoarthritis, atherosclerosis and thrombosis, asthma, and 
musculoskeletal disorders. 

1/2002-3/2003: Senior Scientist/Associate Director, Experimental Biology and 
Target Validation Group, Department of Molecular Medicine / Genomics 

Directed a group devoted to identification and validation of novel disease targets 
discovered primarily through pharmacogenomic methods. My group focused on clinical 
disease samples and animal models of disease to identify disease-associated genes, and 
validated these genes through in vitro, in vivo, and ex vivo assays that we developed and 
performed. Research projects were directed to osteoarthritis, cystic fibrosis, asthma, and 
cancer, Advanced novel candidate target genes from our studies into high-throughput 
screening for new drug discovery in osteoarthritis. 

1/2000 - 1/2002: Senior Scientist/Group Head 1 

Lead a functional genomics group with responsibility for investigating the function of 
genes that resulted from a variety of sources, including our own novel gene discovery 
efforts as well as disease-related genes that were identified in pharmacogenomics efforts 
ongoing within Gl/Wyeth. My group contributed target identification and validation 
efforts in projects devoted to asthma and cystic fibrosis, osteoarthritis, and Alzheimer's 
Disease. 



Home: 

113 Ann Lee Rd. 
Harvard, MA 01451 
(978) 772-0355 
elavallie @ charter.net 



Genetics Institute, Inc., Cambridge, Massachusetts 
6/97-12/99: Principal Scientist/Group Head 1 

Responsible for a group of scientists involved in discovering novel secreted proteins and 
determining their function. We have accomplished these goals by applying 
microbiology, molecular and cell biology, protein expression, and in vitro and in vivo 
assay development to the study of these genes. We applied the Signal Trap technology 
on non-human (and more recently, human) RNA sources in collaboration with several 
academic labs to discover therapeutically important proteins. We "mined" the 
DiscoverEase clone set using bioinformatics, expression profiling using Northerns, in situ 
hybridization, and Affymetrix gene chips to try to determine function of unknown genes. 
Several potentially important proteins have been identified and characterized through this 
effort. Supervised a group of 19 people, including the core DNA Sequencing lab and the 
core Oligonucleotide and Peptide Synthesis lab, in addition to scientists working on 
protein expression in E. coli and mammalian cells. 

12/95-6/97: Principal Scientist/Group Head 1 

Assumed responsibility for converting the "Signal Sequence Trap" technology into a 
spin-off group called DiscoverEase. Assembled and supervised a large group (>30 
scientists) to run the "Signal Trap" yeast selection, perform DNA sequencing, construct 
cDNA libraries, and isolate full-length cDNA's. Developed an efficient process for 
cloning, sequencing, performing database searches, and expressing genes encoding novel 
secreted proteins. Our efforts resulted in the discovery and patenting of several hundred 
novel secreted proteins. Stayed with the project until it became a separate business unit, 
when I then moved back into "mainstream" GI Discovery Research. 

11/93-12/95: Principal Scientist 

Developed and utilized techniques for expression of functional ligand-binding proteins 
(e.g. cell-surface receptors) in E. coli, and applyed this technology to the study of ' 
structure/function relationships between bone morphogenetic proteins and their receptors. 
Also involved in the development and utilization of a novel cloning methodology 
designed to efficiently and rapidly isolate novel cDNA clones encoding secreted proteins 
(Signal Sequence Trap) for subsequent characterization and analysis. 

11/91-11/93: Staff Scientist II 

Cloned a cDNA encoding the catalytic subunit of bovine enterokinase for use as a 
universal cleaving reagent for thioredoxin fusions. Developed expression systems for 
production of active enterokinase in both mammalian cells and in E. coli. Characterized 
the activity of the recombinant enzyme, and participated in optimization and scale-up of 
enzyme production in both systems. 

11/89-11/91: Staff Scientist I 

Discovered the utility of thioredoxin and thioredoxin-like proteins as fusion partners for 
the soluble production of heterologous proteins in E. coli. Developed expression systems 
to exploit the utility of this approach, and used the system to produce soluble and 



• 



biologically active human Interleukin -11. Devised enzymatic and chemical cleavage 
methods to allow separation of the component proteins. Designed and performed a 
purification process for isolation of pre-clinical grade, active and endotoxin-free EL-1 1. 
Transferred the resulting process to Process Development for scale-up and ultimately 
clinical manufacturing. 

11/86-11/89 Scientist 

Developed and implemented E. coli expression systems for the production of 
homologous and heterologous proteins. Responsible for the expression and production of 
IL-3, "2nd Generation" t-PA, FGF-4, BMP 5,6 and 7, HIV protease, and protein kinase 
C. In addition, I developed strains which overproduce methionine aminopeptidase, which 
is responsible for N-terminal processing of intracellular proteins in E.colL 

8/85-11/86 Associate Scientist 

Studied flagellin transport in Bacillus subtilis with the intention of utilizing this unique 
export pathway for the excretion of heterologous proteins from this host. Used the 
cloned flagellin structural gene to create genomic deletion mutants, and studied 
complemetation of these mutants with various regions of the cloned structural gene. 
Developed vectors for fusing flagellin to a mammalian growth factor to study expression 
and transport of a heterologous fusion protein using the flagellin excretion pathway. 

8/83-8/85 Assistant Scientist 

Developed B. subtilis as a host for expression and secretion of human therapeutic 
proteins. Constructed an expression and secretion system utilizing the promoter and 
signal sequence from the alpha-amylase gene of Bacillus licheniformis, and adapted it for 
heterologous gene expression in B. subtilis. 

8/82-8/83 Research Associate 

Developed expression systems for overproduction of B. licheniformis alpha-amylase in B. 
subtilis in collaboration with Pfizer Central Research. Project involved cloning and 
amplification of the gene encoding the enzyme in suitable strains to maximize 
accumulation of the product. 



Baystate Medical Center, Dept. of Cardiac Surgery, Springfield, 
Massachusetts 

University of Connecticut Health Center, Farmington, Connecticut 

Dr. Richard Engelman, M.D. 

6/80-9/81 Research Assistant 

Assisted two cardiac surgeons in their clinical research involving optimization of 
cardioplegia solutions used during open-heart surgery. Collected samples during surgery 
on human patients, obtained consent forms, and collected and analyzed data. Worked in 
conjunction with the animal physiology lab at UConn Farmington, which worked with 
porcine models. 
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Educational Experience 

Boston University School of Medicine, Boston, MA 

Ph.D. candidate in Department of Pharmacology and Experimental Therapeutics, 
Graduate Medical Sciences Division. September 2000 to present. Dr. Andrew Dorner, 
Ph.D., advisor. 

University of Connecticut, Storrs, CT. Master of Science Degree in Microbiology, 
June 1982. Lawrence Hightower, Ph. D., advisor. 

American International College, Springfield, MA. Bachelor of Arts Degree (cum 
laude) with major emphasis in Biology, minor in Chemistry, May 1980. Recipient of 
Biology Department Award for excellence in Biology, May 1980. 
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Contributed by Harold E. Varmus, April 15, 1997 

ABSTRACT Frizzled polypeptides are integral membrane 
proteins that recently were shown to function as receptors for 
Wnt signaling molecules. Here, we report the identification of 
a novel, secreted 36-kDa protein that contains a region 
homologous to a putative Wnt-binding domain of Frizz led s. 
This protein, called Frizzled-related protein (FRP), was first 
identified as a heparin-binding polypeptide that copurified 
with hepatocyte growth factor/scatter factor in conditioned 
medium from a human embryonic lung fibroblast line. De- 
generate oligonucleotides, based on the NH 2 -terminal se- 
quence of the purified protein, were used to isolate corre- 
sponding cDNA clones. These encoded a 313-amino acid 
polypeptide, containing a cysteine-rich domain of —110 res- 
idues that was 30-40% identical to the putative ligand-binding 
domain of Frizzled proteins. A 4.4-kb transcript of the FRP 
gene is present in many organs, both in the adult and during 
embryogenesis, and homologs of the gene are detectable in 
DNA from several vertebrate species. In biosynthetic studies, 
FRP was secreted but, like Wnts, tended to remain associated 
with cells. When coex pressed with several Wnt family mem- 
bers in early Xenopus embryos, FRP antagonized Wnt- 
dependent duplication of the embryonic dorsal axis. These 
results indicate that FRP may function as an inhibitor of Wnt 
action during development and in the adult. 



Extracellular signaling molecules have essential roles as inducers 
of cellular proliferation, migration, differentiation, and tissue 
morphogenesis during normal development. They also partici- 
pate in many of the aberrant growth regulatory pathways asso- 
ciated with neoplasia. Among the molecules involved in these 
activities are the Wnt glycoproteins. In vertebrates, this family 
consists of more than a dozen structurally related molecules, 
containing 350-380 amino acid residues of which >100 are 
conserved, including 23-24 cysteine residues (1, 2). Wnt-1, the 
first Wnt-encoding gene to be isolated, was identified as an 
oncogene expressed as a result of insertional activation by the 
mouse mammary tumor virus (3, 4). Subsequently, transgenic 
expression of Wnt-1 confirmed that constitutive expression of this 
gene caused mammary hyperplasia and adenocarcinoma (5). 
Targeted disruption of the Wnt-1 gene revealed an essential role 
in development, as mouse embryos had severe defects in their 
midbrain and cerebellum (6-8). Wingless {Wg) 7 the Drosophila 
homolog of Wnt-1, was independently identified as a segment 
polarity gene (9). Gene targeting of other Wnt genes demon- 
strated additional important roles for these molecules in kidney 
tubulogenesis and limb bud development (10, 11). 

Several aspects of Wnt signaling have been illuminated by 
studies in flies, worms, frogs, and mice (12, 13), but until recently 
little was known about key events that occur at the external cell 
surface. Identification of Wnt receptors was hampered by the 
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relative insolubility of the Wnt proteins, which tend to remain 
tightly bound to cells or extracellular matrix (14, 15). However, 
several observations now indicate that members of the Frizzled 
(FZ) family of molecules (16) can function as receptors for Wnt 
proteins or as components of a Wnt receptor complex (17-19). 
The prototype of this family, Drosophila frizzled (Dfz), was first 
identified as a tissue polarity gene that governs orientation of 
epidermal bristles (20). Cells programmed to express a second 
Drosophila Fz gene, Fz2, bind Wg and transduce a Wg signal to 
downstream components of the signaling pathway (17). 

Each Fz gene encodes an integral membrane protein with a 
large extracellular portion, seven putative transmembrane 
domains, and a cytoplasmic tail (16, 21). Near the NH2 
terminus of the extracellular portion is a cysteine-rich domain 
(CRD) that is well conserved among other members of the FZ 
family (16). The CRD, comprised of 110- amino acid resi- 
dues, including 10 invariant cysteines, is the putative binding 
site for Wnt ligands (17). 

Given the potential complexity of interactions between the 
multiple members of Wnt and FZ families (1, 16-19), addi- 
tional mechanisms might exist to modulate Wnt signaling 
during specific periods of development or in certain tissues. 
Here we report evidence for such a mechanism, namely the 
identification of a novel secreted gene product that is closely 
related to the FZ CRD and antagonizes Wnt action. We 
propose that this FRP is a prototype for molecules that 
function as endogenous regulators of Wnt activity. 

MATERIALS AND METHODS 
Purification and Physical Characterization. Conditioned- 
medium collection, ultrafiltration, heparin-Sepharose affinity 
chromatography, and SDS/PAGE were performed as described 
(22). Hepatocyte growth factor /scatter factor (HGF/SF)- 
containing fractions were identified by immunoblotting (23). 
Occasionally heparin-Sepharose fractions were processed by re- 
verse-phase C4 HPLC (22) to enhance purity of FRP. Gels were 
fixed and silver-stained using the reagents and protocol from 
Bio-Rad. 

Microsequencing. Approximately 30 p% of protein was 
loaded onto an Applied Biosystems gas-phase protein se- 
quenator. Forty rounds of Edman degradation were carried 
out, and phenylthiohydantoin amino acid derivatives were 
identified with an automated on-line HPLC column (model 
120 A, Applied Biosystems). 



Abbreviations: FRP, Frizzled-related protein; FZ, Frizzled; CRD, 
cysteine-rich domain of Frizzled proteins; HGF/SF, hepatocyte 
growth factor/scatter factor. 
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Molecular Cloning and Analysis. Four pools of 26-base de- 
generate oligonucleotides were synthesized on the basis of either 
of two segments of amino acid sequence determined by micro- 
sequencing of purified FRP. Two pools corresponding to the 
sequence NVGYKKMVL contained all possible codon combi- 
nations except for the substitution of inosine residues in the third 
positions of the codons for the first Val and Gly; one subset 
terminated with bases CT and the other with TT. Two additional 
pools, corresponding to the sequence FYTKPPQXV, contained 
all possible codon combinations except for the substitution of 
inosine residues in the third positions of the codons for both Pro 
residues; one subset contained four codon options for serine in 
the X position, while the other had the remaining two. Oligonu- 
cleotide pools were labeled and used to screen an oligo(dT)- 
primed M426 cDNA library as described (24). 

Selected cDNA inserts were analyzed by restriction endo- 
nuclease digestion. The nucleotide sequence of the FRP 
cDNAs was determined by the dideoxy chain-termination 
method. To search for homology between FRP and any known 
protein, we analyzed the GenBank, Protein Data Base, Swiss- 
Prot, and Protein Identification Resource protein sequence 
databases. Alignments were generated with the program 
pileup 8 from the Wisconsin Package (Genetics Computer 
Group, Madison, WI). 

Northern and Southern Blotting Analyses. RNA from cell 
lines was isolated, transferred to nitrocellulose filters, and 
hybridized with labeled probes as described (24). Northern 
blots containing «*2 jug of poly(A) + RNA isolated from a 
variety of different organs were purchased from Clontech. 
Labeled probes were hybridized in Express Hyb hybridization 
solution (Clontech) according to the manufacturer's protocol. 
The FRP Notl-Smal cDNA fragment and human )3-actin 
cDNA probe provided by Clontech were 32 P-labeled with 
random hexamers and used at a concentration of 1-2 x 10 6 
cpm/ml (specific activity >8 x 10 8 cpm/jig DNA). 

Southern blot analysis was performed as described (25), 
except for variation in formamide concentration during hy- 
bridization, as noted in the text. FRP cDNA probes were 
32 P-labeled with the nick-translation kit from Amersham. 

Chromosomal Localization. A 4.1-kb FRP genomic fragment 
obtained from a human fibroblast genomic DNA library (Strat- 
agene) was labeled with biotin or digoxigenin and used as a probe 
for in situ hybridization to locate the FRP gene in chromosomal 
preparations of methotrexate-synchronized normal peripheral 
human lymphocyte cultures. The conditions for hybridization, 
detection of fluorescent signal, digital-image acquisition, process- 
ing, and analysis were as described (26). The identity of the 
chromosomes with specific signal was confirmed by rehybridiza- 
tion using a chromosome 8-specific probe, and the signal was 
localized on G-banded chromosomes. 

Biosynthetic Studies. M426 cells grown in T-25 flasks were 
incubated for 30 min in methionine-free DMEM in the 
presence or absence of 50 tig/ml heparin (bovine lung, Sigma; 
when present, heparin was included in ail subsequent media), 
which was subsequently replaced with medium containing 
[ 35 S]methionine (1 mCi/5 ml per dish; 1 Ci = 37 GBq). After 
30 min, the radioactive medium was removed, and monolayers 
washed with medium containing unlabeled methionine, then 
incubated for varying intervals in fresh nonradioactive me- 
dium. At the specified times, the conditioned media and cell 
lysates were collected and processed as described (27). Immu- 
noprecipitations were performed with a rabbit polyclonal 
antiserum (100 /ig/ml) raised against a synthetic peptide 
corresponding to FRP amino acid residues 41-54, in the 
presence or absence of competing peptide (50 jug/ml). Im- 
mune complexes adsorbed to GammaBind (Pharmacia) were 
pelleted by centrifugation and washed; labeled proteins were 
resolved by SDS/PAGE and detected by autoradiography. 

Microinjection of mRNAs into Xenopus Embryos. Wnt-1, wg, 
Xwnt-3a, and Xwnt-8 plasmids were used as described (28-31). 



The FRP NaelSatl cDNA fragment, which includes the full 
coding sequence, was subcloned into the Stul and Xhol sites of 
pCS2+ (32). All mRNAs for injection were synthesized as capped 
transcripts in vitro with SP6 RNA polymerase (Ambion Mega- 
script Kit). Embryo preparation and staging were performed as 
described (33). Transcripts were injected into the two blastomeres 
near the equatorial midline region at the 4-cell stage. 

RESULTS 

Purification and Molecular Cloning of a Novel Heparin- 
Binding Protein. During the isolation of HGF/SF from human 
embryonic lung fibroblast culture fluid, we identified a 36-kDa 
polypeptide that copurified with HGF/SF following a variety of 
chromatography procedures (27). Because the comigration of this 
protein and HGF/SF suggested that it might regulate growth 
factor activity, a preparative scheme was devised to obtain 
sufficient quantities for study. This was accomplished by conser- 
vative pooling of fractions eluting from heparin-Sepharose resin 
with 1.0 M Nad, once it became evident that a portion of the 
36-kDa protein emerged after the HGF/SF-containing fractions. 
Protein obtained in this manner was sufficiently pure and abun- 
dant for structural and limited functional analysis (Fig. L4). 
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Fig. 1 . (A) SDS/PAGE analysis of heparin-Sepharose purified FRP. 
Approximately 200 ng of protein was resolved in a 4-20% polyacrylamide 
minigel (Novex) under reducing (+) or nonreducing (-) conditions, and 
subsequently stained with silver. The position of molecular mass markers 
is indicated at the right. (B) Representation of human FRP cDNA clones. 
Overlapping clones HS1 and HS8 are shown above a diagram of the 
complete coding sequence and the adjacent 5' and 3' untranslated 
regions. The coding region is boxed; the open portion corresponds to the 
signal sequence. Untranslated regions are represented by a line. Selected 
restriction sites are indicated. (C) Predicted FRP amino acid sequence 
(standard single-letter code). The peptide sequence obtained from the 
purified protein is underlined. Double-underlined sequences were used to 
generate oligonucleotide probes for screening of the M426 cDNA library. 
The putative signal sequence is italicized. The large shaded region is the 
cysteine-rich domain homologous to CRDs in members of the FZ family. 
The small shaded region is a lysine-rich segment that fulfills the criteria 
for a consensus hyaluronic acid-binding sequence. The dashed underlin- 
ing denotes two potential asparagine-linked glycosylation sites. 
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Microsequencing of the purified 36-kDa protein yielded two 
NH 2 -terminal sequences, one beginning three residues down- 
stream from the other. Positive identifications were made in 37 of 
the first 40 cycles of Edman degradation, as follows: FQSDIG- 
PYQSGRFYTKPPQXVDIPADLRLXXNVGYKKMVL (X 
denotes inability to make an amino acid assignment). Degenerate 
oligonucleotides corresponding either to sequence FYTKP- 
PQXV or NVGYKKMVL were used to probe a M426 cDNA 
library. An initial screening of 10 6 plaques yielded ^350 clones 
recognized by probes derived from both peptide segments. Re- 
striction digestion of several plaque-purified phage DNAs re- 
vealed two classes of inserts. Mapping (Fig. IB) and sequence 
analysis (Fig. 1C) of a representative from each class, designated 
HS1 and HS8, demonstrated that they were overlapping cDNAs. 
HS1 was ~2 kb in length and contained a 942-bp ORF; HS8 
encoded a portion of the 942-bp ORF as well as >0.3 kb of cDNA 
extending upstream of the ATG start codon. The putative start 
codon, located at position 303 in the HS1 sequence, was flanked 
by sequence that closely matched the proposed GCC(G/ 
A)CCATGG consensus sequence for optimal initiation by eu- 
karyotic ribosomes (34). An upstream in-frame stop codon was 
not present. 

As expected for a secreted protein, a hydrophobic 27-amino 
acid segment at the NH2-terminus likely functions as a signal 
peptide. The experimentally determined protein sequence 
begins 11 residues downstream from the presumptive signal 
sequence, suggesting additional processing or incidental pro- 
teolysis. There was complete agreement between the predicted 
and observed amino acid sequences; the three undefined 
residues in the latter corresponded to Cys-57, Cys-67, and 
His-68, residues that typically are undetectable or have low 
yields following Edman degradation. Two overlapping se- 
quences in the CO OH- terminal region fulfill the criteria for a 
consensus binding site to hyaluronic acid (35) (Fig. 1C). Two 
potential asparagine-linked glycosylation sites are also present. 
A consensus polyadenylylation signal was not identified in the 
cDNA sequence, raising the possibility that the cDNA clones 
from this oligo(dT) primed library resulted from internal 
priming at an adenine-rich region. 

Relationship to FZ. Search of several protein databases 
revealed significant homology of a portion of the predicted 
amino acid sequence to a specific region conserved among 
members of the FZ family (Fig. 2). The observed homology is 
confined to the extracellular CRD of FZ, a region consisting 
of *«110 amino acid residues that includes 10 cysteines and a 
small number of other invariant residues. This domain has 
special importance because it is a putative binding site for Wnt 
ligands (17). The FRP CRD is 30-42% identical to the CRD 
of the other FZ proteins. 

In addition to the plasma membrane-anchored FZ proteins 
and FRP, three other molecules have been described that also 
possess a FZ CRD motif. An alternatively spliced isoform of 
mouse collagen XVIII was the first such protein to be reported 
(38). The two other molecules, mouse SDF5 (40) and human 
FRZB (39), resemble FRP in that each consists of ~300 amino 
acid residues, including a signal peptide, CRD near its NH 2 - 
terminus and a hydrophilic COOH-terminal moiety. FRP and 
SDF5 have 58% identities in their CRDs, while FRP and FRZB 
are only 32% identical in this region. Elsewhere, these molecules 
are only 15-20% identical. Thus, FRP, SDF5, and FRZB may 
constitute a subfamily of small, FZ- related proteins that lack the 
seven transmembrane motif responsible for anchoring FZ pro- 
teins to the plasma membrane and are presumably secreted. 

FRP Gene is Expressed in Multiple Organs and Cell Types. 
Using the 1081-bp Notl-Smal fragment of HS1 (Fig. IB) as 
probe, a single 4.4-kb transcript was detected in poly(A) + RNA 
from several human organs (Fig. 3). In adult tissues, the highest 
level of expression was observed in heart, followed by kidney, 
ovary, prostate, testis, small intestine, and colon. Lower levels 
were seen in placenta, spleen and brain, while transcript was 
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Fig. 2. Comparison of the CRDs of FRP and other members of the 
FZ family. Solid black shading highlights identities present in human 
FRP and any other FZ family member. The consensus sequence 
indicates residues present in at least 8 of the 16 FZ or FZ-related 
proteins. **, The ten invariant cysteine residues; single asterisks 
indicate other invariant residues. hFRP, human FZ-related protein; 
hFZ (36); hFZ5 (16); mFZ3-mFZ8 (16); rFZl and rFZ2 (37); dFZ 
(21); dFZ2 (17); cFZ (16); mCOL, mouse collagen XVIII (38); 
hFRZB (39); and mSDF5 (40). 

barely detectable in skeletal muscle and pancreas. No hybrid- 
ization signal was evident in mRNA from lung, liver, thymus, 
or peripheral blood leukocytes. In poly(A) + RNA from a small 
sample of human fetal organs, the 4.4-kb transcript was highly 
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FiG. 3. FRP mRNA expression in normal human adult and 
embryonic tissues, and in cultured cells. Blots containing «*2 ptg of 
poly(A)+ RNA from each of the indicated tissues or 10 jig of total 
RNA from different human cell lines were probed with radiolabeled 
FRP and 0-actin cDNA fragments, as described in the Methods. The 
position of DNA size markers, expressed in kb, is indicated at the left 
of the tissue blots; the position of 28S and 18S ribosomal RNA is shown 
at the left of the cell line blot. 
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represented in kidney, at moderate levels in brain, barely 
detectable in lung, and undetectable in liver. 

Northern analysis of total RNA from various human cell 
lines demonstrated the 4.4-kb transcript and, occasionally, 
additional faint bands not further analyzed (Fig. 3 Right). 
While the transcript was detected in RNA from embryonic 
lung (M426 and WI-38) and neonatal foreskin (AB1523) 
fibroblasts, it was not observed in a sample of adult dermal 
fibroblasts (50 IT). In addition to fibroblasts, the transcript was 
seen in RNA from primary keratinocytes, indicating that 
expression was not limited to cells of mesenchymal origin. 
Considering that the cumulative size of the overlapping FRP 
cDNAs was only 2.1 kb, detection of a 4.4-kb transcript 
reinforced the suggestion that the cDNAs were generated by 
internal priming at adenine-rich regions. 

Chromosomal Localization and Detection of the FRP Gene 
in Different Species. Using a fluorescent-labeled 4.1-kb 
genomic fragment containing a portion of the FRP coding 
sequence, in situ hybridization revealed a single locus at 
chromosome 8pl 1.1-12 (Fig. 4). This site may be near the 
putative locus of the hFZ3 gene, based on homology with the 
location of mFz3 in the mouse genome (16). Radiation hybrid 
analysis yielded results consistent with the fluorescent in situ 
hybridization analysis (unpublished observations). 

To determine whether the FRP gene was present in other 
species, genomic DNAs from various sources were fully digested 
with EcoKl and hybridized with an Ncol-Smal cDNA fragment 
(Fig. IB) under varying conditions of stringency (Fig. 5). Multiple 
bands were observed under highly stringent conditions (50% 
formamide) in DNA from human, rhesus monkey, mouse, and 
chicken. With moderate stringency (35% formamide), no addi- 
tional fragments were seen in the DNA from these species but 
fragments were detected in Xenopus DNA. No hybridization 
signal was observed with DNA from Drosophila or yeast (Sac- 
charomyces cerevisiae) in these experiments. At low stringency 
(20% formamide), the background was too high to detect specific 
signals (data not shown). These results strongly suggested that the 
ftp gene is highly conserved among vertebrates. Although these 
experiments did not detect an FRP homolog in the invertebrates, 
the existence of such homologs was not rigorously excluded, due 
to the limitations of the method. 

Southern blotting performed either with the Notl-Ncol cDNA 
fragment (Fig. IB) or with synthetic oligonucleotide probes 
corresponding to different portions of the FRP coding sequence, 
hybridized to subsets of genomic fragments detected with the 
Ncol-Smal probe (data not shown). This finding and the lack of 
additional bands detected only under relaxed conditions (Fig. 5) 
suggested that highly related FRP-like sequences are not present 




Fig. 4. Chromosomal localization of the FRP gene by fluorescent in 
situ hybridization. To localize the FRP gene, 100 sets of metaphase 
chromosomes were analyzed. In 80 metaphases, a double fluorescent 
signal was observed with the FRP genomic probe in 8pl 1.1-1 2 on both 
chromosome homologs (Left). The identity of the chromosomes was 
confirmed by hybridization with a probe specific for chromosome 8 
(Right). 
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Fig. 5. Southern blot analysis of FRP genomic sequences in 
different species. After fractionation by agarose gel electrophoresis 
and transfer to filters, £a>RI-digested genomic DNAs were hybridized 
in the presence of either 50% or 35% formamide. Specimens were 
from the following species: A, lamda phage; H, human; M\ rhesus 
monkey; M°, mouse; C, chicken; X, Xenopus laevis; D, Drosophila 
melanogaster, Y, yeast (S. cerevisiae). 

in the human genome. Thus, the multiple genomic fragments 
hybridizing to the FRP cDNA in Southern blots are likely to 
reflect the presence of several exons in the hFRP gene. 

Biosynthetic Studies Show that FRP is Secreted, but Pri- 
marily Cell-Associated in the Absence of Exogenous Heparin. 
To study the synthesis and processing of FRP protein, a 
pulse-chase experiment was performed with [ 35 S]methionine 
labeled M426 cells either in the absence or presence of added 
heparin. As shown in Fig. 6, a 36-kDa protein band was 
specifically immunoprecipitated with antiserum raised against 
a synthetic peptide corresponding to a portion of the FRP 
NH 2 - terminal sequence. In the absence of soluble heparin, 
after either 1 h (lanes 1 and 5) or 4 h (lanes 9 and 13) FRP was 
much more abundant in the cell lysate than in the conditioned 
medium. However, after 20 h, the amount of FRP protein in 
the medium (lane 21) was comparable to that which remained 
cell-associated (lane 17). At this last time point, the combined 
band intensity in the two compartments had decreased relative 
to that observed earlier, suggesting significant protein turnover 
during the experiment. Moreover, after 20 h the FRP-specific 
signal appeared as a doublet, providing additional evidence of 
proteolysis. In the presence of soluble heparin (50 /ig/ml), 
most of the FRP was detected in the medium at all three time 
points (compare lanes 3 and 7, 11 and 15, 19 and 23). Heparin 
also appeared to stabilize FRP, as the band intensity was 
stronger when heparin was present, and there was no evidence 
of partial proteolysis. Interestingly, others have shown that 
heparin can release Wnt-1 from the cell surface in a similar 
manner (14, 15, 41). Taken together, our results demonstrate 
that FRP is secreted, although it tends to remain cell- 
associated and relatively susceptible to degradation unless 
released into the medium by soluble heparin. 

FRP Antagonizes Wnt Action in Xenopus Embryo Assay. 
Because FRP possesses a potential binding site for Wnt molecules 
and appears to partition among cellular compartments like 
Wnt-1, it seemed possible that FRP might modulate the signaling 
activity of Wnt proteins. We envisioned two alternatives: FRP 
might antagonize Wnt function by binding the protein and 
blocking access to its cell surface signaling receptor, or FRP might 
enhance Wnt activity by facilitating the presentation of ligand to 
the FZ receptors, analogous to the action of soluble interleukin 
6 receptors (42). 

To test these possibilities, we examined the effect of FRP on 
Wnt-dependent dorsal axis duplication during Xenopus embry- 
ogenesis. Previous studies have demonstrated that microinjection 
of mRNA encoding certain Wnt molecules, such as mouse Wnt-1, 
Wg, XWnt-8, or XWnt-3a, into early Xenopus embryos can 
induce the formation of an ectopic Spemann organizer and, 
subsequently, duplication of the dorsal axis (28-31, 43, 44). As 
illustrated in Fig. 7, injection of suboptimal doses of Wnt-1, Wg, 
or XWnt-8 mRNA into embryos induced partial or complete 
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Fig. 6. Biosynthesis of FRP in M426 cells. A pulse-chase experiment was performed with metabolically labeled cells incubated either in the 
absence or presence of heparin. Proteins were immunoprecipitated from cell lysates (C.L.) or conditioned medium (CM.) with FRP peptide 
antiserum in the absence or presence of competing peptide, and resolved in a SDS/10% polyacryl amide gel. Cells and media were harvested 1, 
4, or 20 h after a 30 min labeling period. Lanes 1-24 are labeled at the bottom. The protein band corresponding to FRP is indicated by an arrow. 
The position of molecular mass markers is shown at the left. 



duplication in at least 75% of the animals. Suboptimal doses were 
used to enable us to detect enhancement of the axis duplication 
phenotype, if the role of FRP was to facilitate Wnt signaling. 
However, when similar quantities of FRP and Wnt RNA were 
coinjected, the incidence and extent of axial duplication were 
significantly reduced (Fig. 7). The effect was dose-dependent, as 
the number of animals with an abnormal phenotype was even 
lower when the relative amount of FRP RNA was increased 5- to 
10-fold. Injection of FRP RNA alone at a higher dose (100 pg) 
into the dorsal side of the embryo did not affect the endogenous 
dorsal axis formation (data not shown). 

Surprisingly, FRP was much less effective in antagonizing 
XWnt-3a, suggesting a degree of specificity regarding interactions 
with different members of the Wnt family. The Wnt signaling 
pathway is thought to proceed through suppression of the activity 
of glycogen synthase kinase-3, a cytoplasmic serine-threonine 
kinase (13). Axis duplication induced by a dominant-negative, 
kinase-inactive mutant of glycogen synthase kinase-3/3 (33, 45, 
46) was not affected by FRP (data not shown), consistent with the 
assumption that FRP directly interferes with Wnt signaling at the 
cell surface, not by indirectly interfering with a late step in the 
Wnt signaling pathway. 

DISCUSSION 

In the present report, we describe a novel human gene product 
that resembles FZ proteins in that it possesses a conserved FZ 
CRD, a putative binding domain for Wnt ligands. In contrast 
to the original members of the FZ family, FRP lacks any 
transmembrane region or cytoplasmic domain required to 
transduce Wnt signaling inside the cell. Because it is prefer- 
entially distributed to the cell surface or matrix, it is well- 
positioned to interact with Wnt proteins. Theoretically, bind- 
ing of FRP to Wnts might stabilize the latter, and consequently 
enhance Wnt signaling. However, our findings indicate that in 
Xenopus embryos FRP inhibits Wnt-dependent axial duplica- 
tion when various Wnts and FRP are coexpressed. These 
results suggest that FRP behaves like a dominant-negative 
receptor in this model system, similar to the effect of the 
secreted NH 2 -terminal ectodomain of human FZ5 on axis 



duplication by XWnt-5A and hFZ5 (19). Further elucidation 
of the interaction between FRP and Wnt proteins will require 
study of the proteins in isolated form. 

The existence of other molecules besides FRP that have a FZ 
CRD but lack the seven transmembrane motif and cytoplasmic 
tail suggests that there is a subfamily of proteins that function as 
regulators of Wnt activity. Little is known about the activity of 
SDF5, which was cloned using the signal sequence trap method 
(40). FRZB is a heparin-binding molecule thought to be involved 
in skeletal morphogenesis (39). Recently Rattner et al (47) 
cloned cDNAs encoding the murine homologs of SDF5, FRZB, 
and FRP. They showed that, when artificially linked to the plasma 
membrane via a glycolipid anchor, SDF5 and FRZB conferred 
cellular binding to Wg. Thus, it now appears likely that all three 
molecules can interact with Wnt proteins and modulate their 
activity. Future studies should define the activities and unique 
functions of these different FZ-related proteins, especially with 
regard to Wnt regulation. 

Recently Zecca et al (48) demonstrated that Wg functions as 
a gradient morphogen. Just as the formation of stable Wnt 
gradients may rely on their ability to bind proteoglycan (41), the 
heparin-binding property of FRP implies that it might also 
function in a graded manner. In fact, gradients of interacting 
proteins might be a general mechanism of Wnt regulation. A 
detailed analysis of the expression patterns of FRP and interact- 
ing Wnt molecules would help to address the viability of this 
model. If FRPs and Wnts are expressed in proximity to each 
other, then targeted disruption of FRP expression might result in 
uncontrolled Wnt activity. This could be manifested by develop- 
mental abnormalities in tissue morphogenesis or perhaps by 
neoplasia. 

The large size of the FZ and Wnt families and the potential 
for mutual binding between several members of the two groups 
make it difficult to predict which receptor/ligand interactions 
are likely to be affected by FRP. For example, Wg protein 
binds to cells expressing a variety of FZ proteins (17), yet 
Wnt-5A induces axis duplication only in Xenopus embryos 
expressing FZ5 (19). Furthermore, a comparison of patterns of 
FRP expression with published reports concerning FZs and 
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Fig. 7. Dorsal axis duplication in Xenopus embryos in response to varying combinations of Wnt and FRP transcripts. Each bar represents the 
percentage of axis duplication; the solid portion within each bar represents the percentage of extensive duplication, which is defined by the presence 
of the cement gland and at least one eye in the duplicated axis. The total number of embryos injected in two to four independent experiments is 
indicated by the number above each bar. The amount of mRNA injected per embryo is shown below the bars. 
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Wnts indicates that many of the Fz and Wnt genes are 
expressed in tissues where FRP transcripts also are seen. For 
instance, the heart, kidney, intestines, and reproductive organs 
have high levels of FRP mRNA. These organs also are among 
the highest in expression of FZ1, FZ2, and FZ4 transcripts (16, 
37). Wnt-2, Wnt-4, Wnt-5A, and Wnt-5B have been detected 
at these sites as well (1). These data provide indirect evidence 
that FRP might have an impact on several Wnt/FZ interac- 
tions. However, knowledge about the affinity of FRP for 
different Wnt family members will be required to fully assess 
its effect on Wnt signaling. As shown in Fig. 7, FRP may inhibit 
only a subset of Wnt proteins. 

Although our discovery of FRP was dependent on an apparent 
association of this molecule with HGF/SF, subsequent experi- 
ments have failed to confirm significant interaction of the two 
molecules. While these negative results are not definitive, they 
suggest that the copurification of these proteins from the same 
conditioned medium may have been fortuitous. Despite this 
apparent coincidence, the FRP and HGF/SF signaling pathways 
may intersect in a mutually reinforcing fashion. HGF/SF stimu- 
lates the tyrosine phosphorylation of j3-catenin, which may re- 
duce the binding of j3-catenin to cadherins (13, 49). This might 
contribute to the disruption of cell-cell adhesion that character- 
izes the cell scattering activity of HGF/SF, and may antagonize 
aspects of Wnt-dependent cell-cell contact. In a mammary gland 
model, concomitant with a stimulation of branching morphogen- 
esis, HGF/SF inhibited the expression of Wnt-5A (50). Thus, it 
is possible that the actions of FRP and HGF/SF complement 
each other in some respects, even though the proteins do not 
appear to have a direct interaction. 

Note. While this manuscript was being reviewed, two groups 
reported that FRZB was a secreted antagonist of Wnt signal- 
ing expressed in the Spemann organizer (51, 52). 
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We recently described a method, called the signal 
sequence trap (SST) method* to clone cDNAs of se- 
creted proteins and/or type I transmembrane proteins 
containing N-lerminal signal sequences by using an 
epitQpe-t&mpnc expression plasmid vector* In this pa* 
I per wc describe the summary of a large-scale screen- 
ing of approximately 5900 clones of an SST oDNA H~ 
brary constructed from mouse bone marrow stromal 
cell line ST-2 cells. Of 26 positive clones obtained and 
sequenced* 11 clones appeared to contain authentic 
signal sequences. Five of the clones corresponded to 
the 5' ends of the cDNA of known genes containing N- 
terminal signal sequences. The full-length fcDNA 
clones of the 6 other unknown clones ware Isolated 
,attd sequenced. One clone, termed SDFS, encoded a 
:■ mouse counterpart of human pigment epithelium-de- 
rived factor, ^pother clone, termed SDR1, had consid- 
erable homology with basigin, a member of the imrou- 
■gM g aoglobulin supermm\|y« A third clone* termed SDF5, 
Had partial homology with a Drosophila tissue polarity 
gene frizzled (fi) and its rat homologies, fieri and fz-2> 
The other three clones had no significant homology 
with sequences in the databases. These results Indi- 
cate that the SST method is effective and useful for the 
isolation of secreted and membrane proteins without 
knowledge of their functions, c iw Awtumte phm, foe* 



INTRODUCTION 

The elucidation of molecular mechanisms for inter- 
cellular signaling and cell adhesion is essential for un- 
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derstanding the mechanism for the development and 
differentiation of multicellular organisms. Although & 
large number of molecules involved in signaling or ad- 
hesion have been cloned, there still remain many un- 
known molecules that are important for these func- 
tions. Most of the molecules involved in signaling or 
adhesion are secreted or membrane-anchored proteins, 
such as growth factors, hormones, neiiropepLides, and 
their receptors or adhesion molecules. Many of these 
proteins contain hydrophobic signal sequences at the 
N-tennini of the precursor forms. To establish a gen- 
eral cDNA cloning strategy for these secreted or mem- 
brane-anchored proteins, we developed a new cloning 
method for the isolation of cDNA fragments encoding 
N-terminal signal sequences (Tashiro et aL> 1993). 
cDNA fragments encoding signal sequences were da* 
tected by surface expression of the IL-2 receptor a chain 
(Tac) (Uchiyama et aL, 1981) as fusion proteins in 
transacted cells. Using this method, termed the signal 
sequence trap (SST) method, we have so far reported 
the isolation of cDNA for a member of the a-chemo- 
kines, SDFla/# and a growth factor receptor Lympho- 
toxin 0 receptor, by the SST method (Tashiro et aL, 
1993; Nakamura et aL> 1995), suggesting that this 
method may be widely useful. 

The hematopoietic system is one of the beet charac- 
terized organs for analyzing the mechanisms of mam* 
malian cell growth and differentiation, Bone m arrow 
stromal cell lines support hematopoiesis from bone 
marrow stem cells by secretion of cytokines and by in- 
teraction with ceU-adhesion molecules. Many mole- 
cules involved in cell-cell interactions during lympho- 
hematopoie&is have been cloned and are known to be 
expressed in bone marrow stromal cell 1faA« (Metcalf, 
1989; Paul et aL, 1991), However, there are still a num- 
ber nf unknown surface molecules involved in the early 
phases of hematopoiesis. We therefore performed a 
large-scale screening of cDNAs encoding secreted and 
transmembrane proteins irom a bone marrow stromal 
cell line ST-2 (Nishikawa et aL, 1988) using the SST 
method. Isolated cDNAs will be expressed as proteins 
and their functions could be tested in an inductive sys- 
tem of lymphohematopoiesis from embryonic stem cells 
(Nakano et aL f 1994). 



273 



UWS-7543/98 $18.00 
Copyright O 1996 by Academic Pros, Inc. 
All rights of xtpittdoction in any form raaermftd. 



08/06/98 13: 53 ©7^308 4426 



tc l e tto 



274 



6HIROZU ET At. 
TABLE 1 

Summary of the Trapped cDNA Clones of SOT 



Homology Stop eodon 

ORFin — — — upstream of Located at the 

frame to Known N-ternrinal Hydrophobic mituiLion 5' end of foil- Signal Nameofftdl- 

ATAC frequences SS peak cod on length cDNA ficouencc 41 length done 



Library Clone 



Library I 1 



Library II 1 



HI 


+ 


H2 




H3 


4. 


114 


+ 


Si 




S2 




S3 




84 


+ 


S6a 




Tl 




IS 








T6 




T7 




TB 


+ 


E6a 


+ 


P7a 




NT1 


+ 


NT2 


+ 


NT3 




NT4 


+ 


NT6 


+ 


NTS 




P3c 




R5g 


+ 


TA 


+ 



Short 

+ 
+ 
+ 

+ 
Short 

Short 



+ 



i 

+ 



+ 
+ 



+ 

-»■ 



+ 
+ 



T 
F 
U 
F 



T 
T 
V 
F 
T 
T 
U 
F 
T 
F 
U 
T 

F 
U 
T 
T 
F 
T 
F 
F 
F 
T 



Osteonectin 



Peptldyl-gtyune 
deamidating > 
rxKmooxygenaee . 

SDRl 

SDF3 



SDK2 

son 



Ribopborin 1 



Protein disulfide 
iaomcrase 



Fibronoctin 
9DF4 



Osteonectin 



* T t true; F, false; U, undecided. 



We will summarise the results of the large-scale 
screening of the SST library of ST-2 cells to examine 
the ratio of clones with the authentic signal sequence 
to artifacts and to test if this strategy is valid as a 
general cloning method for isolation of signal sequence- 
containing molecules. Ten clones "with authentic signal 
sequences were obtained from approximately 5S00 
cDNA clones- The six full-length cDNA clones encoding 
novel proteins were isolated, sequenced, and character- 
ized. 

MATERIALS AND METHODS 

Construction and screening of the SST library. Construction of 
the SST library was performed as described previously (Tashiro et 
al. t 1998) except that two set*? nf sonicated cDNA fragment* with 
two size ranges (one between 300 mid 600 bp end the other between 
500 and 700 bp) were selected and used as inserts of the SST library. 
About 10,000 clones of the shorter mzert cDNA library (library I) 
were plated on LB agar pistes, and colony hybridization was per- 
formed with the probes of da (Iked* *f al, 1991), JE (Rollins e* <tl, 
1983), and SDPl according to the conventional method (Sambrook 
tt al, 19S9). Colonics thai did not hybridiae with any of the probes 
were picked up and spotted on agar plates with a matrix format 
(7 rows by 7 lines) (Tashiro et aL, in press). Approximately 8600 
preselected colonics were screened after 40 clones were pooled as 



described before CTeshiro tt aL. 1993). The longer Insert library (li- 
brary II) was screened without preselection. 

DMA sequencing. DNA sequencing was carried out using doubte- 
stranded templates by the dideoxy method using the Tag DyeDeoXjr 
terminator cycle sequencing kit and an automated DNA sequencer 
(873A, Applied Btoaystems). Tha sequence information was used for 
analysis of hydrophobicity and compared with sequences in the Gen- 
Rank database for homology using BLAST and FA6TA. 

JiNA extraction and Northern blot analyxi*. Crude RNAs of 
mouse tissues were extracted by using an UNA extraction Wit fflB- 
ZOt, GIBCO BHD, artd poly<A)* UNA* wane enriched by oligotdD 
latex (OligotextdT) Super, Takers). Two mlcrugrains of moms* tissue 
poly(A) 4 RNA wan electronhoreaed throngh a 1.0ft agaros* gel and 
transferred to s nylon muxabrasu; (BIODY73E, Pall) Sa 10* SSC U* 
SSC U 0.15 Af NaCl, 16 mM sodium citrate) overnight, and cross- 
linked with a TTV emsslinlcer (Fiinalinkea', Funakoshi). The 0*3* 
brand was serially used for hybridisation with tho SDF3, SDF*. 
SDF6, SDRl, SDR2, and mouse 0-actin probes radiolabeled by **« 
random priming method (Sambrook et al» 1989). The probea forth* 
new genes ware full-length cDNAs. Hybridization was performed : 
according to a conventional method, and washing was performed 
under stringent conditions (Sambrook et aL, 1989). Aotoradiograjas 
were analyzed with a Bio-imago analyser (BAS 2000, Fuji Film)- 

RESULTS 

cDNA Library Screening 

In the previous study, a small-scale screening (*P* 
proximately 600 clones) of the SST library with 300- W 
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it 500-bp inserts (Tashiro et al, M 1993) led to the repeated 
f isolation of three clones, Gla, JE, and SPFl. To exclude 
such abundant clones two strategies were introduced: 
(a) eUminatioi) of the abundant clones by colony hybrid- 
Is ization (library D and (b) construction of an SST library 



with longer inserts (library ID, which should remove 
the three clones mentioned above because their coding 
sequences are leas than 500 bp. The two strategies are 
complementary to some extent, because the former iB 
tedious but does not exclude other shorter cDNA clones 



TABLE 2 

Summary of Characterization of the cDNA Clones Obtained by ST-2 SST 



Clone name 

| SDF1 

SDF2 

SDF3 

SDP4 
SDF5 

SDRl 

SD52 



cDNA length ORF length 
(kb) (as) 



Homology 



Sues of 
mRNA&M 



Tissue distribw tirm of mRNA Rtfereneea 



3.4 
1.8 
1,0 

1.4 

1.S 
1.8 

1.9 

2.4 



93 

by 

211 

417 

856 
295 

281 

592 



a-ChemoVir* 

Yeast PmtTp and Fmt2p 

Figment epithelium- 
derived facto 

4 EF hands 

Droftophita frisaled rat 
frizzUd*! and *2 

Ig super&mily batrigbi 
chicken rOV? 



3.4. 1.S 
1.0 
1.6 



Ubiquitous (peripheral blood 

leukocyte-) 
Ubiquitous 



Dver++, brain +, hoart+ , 
muscle* > 6plesn+, thymua+ 
9.0, 1.S Ubiquitous 
4.0, 2X I S Hearts, kidney t , lung+, 

brain±, thymufl± 
2.6, 2.1 2.1 kb, Ubiquitous 

2.6 kb, brain-S pacific 
6.8, 2.6 Kidney*, livers, spleen ±, 

thymus :r 



Tashiro etaL, 

1993 
TTamada ef cL, 

in press 
This paper 

This paper 
This paper 

This paper 

This paper 
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FIG. 2. Comparison of the amino acid sequences or SDF3, SDF6, and SDRl with their hcmologues or related proteins. (A) Comparison 
of the amino acid sequences of SDF8 and human pigment epithelium-derived factor (PEDF). (B> Comparison of the amino add sequences 
of SDF5 and Drosophila fz and its tiomologues> (rut/*-/ and (C) Comparison of the uniiuu ucid aequenua of SDRl, mmissu baAigin, 
and chicken HT7. The putative tran*?nembran«! Horn a i or are underlined. The identical amino acid residues are indicated by open boxes, h, 
Human; m, mouse; r, rat; d, Drosophila; c, chicken. 



while the latter might miss clones with open reading 
frames (ORFs) shorter thai) 500 bp. 

About 3500 clones of library I were screened as de- 
scribed before (Tashiro et at., 1993) and 15 positive 
clones were obtained. On the other hand, 11 positive 
clones were obtained by screening about 2400 clones of 
library II. The ratios of positive clones to artifact clones 
were similar between the two libraries end all of the 
26 clones isolated will be characterized below. 

Sequence Analysis of Positive SST cDNA Clones 

The nucleotide and amino acid sequences of the in- 
serts of the 26 positive clones were determined and 
compared with sequences in the GenBank database for 
homology. As summarized in Table 1, there were 6 
clones identical to partial sequences of known genes as 
follows: HI and TA, osteonectin precursor (Howe et al., 
1988); H4, peptidyl-glycine of-amidating monooxygen- 
ase precursor (Eipper et aL, 1992); T5, ribophorin 1 
precursor (rough endoplasmic reticulum protein) (Be- 
hal et al.> 1990); E6a, protein disulfide isomerase pre- 



cursor (rough endoplasmic reticulum protein) (Gong el 
aL> 1988); NT2, fibronectin precursor (Schwarzbauer et 
at., 1987). Two signal sequence-trapped clones, HI and 
TA, corresponded to the 5' portions of osteonectin pre- 
cursor cDNA, but the inserts of the two clones were not 
identical because they were derived from two distinct 
libraries. The hydropathy profiles of 14 clones are 

O V T?«£f 1 A «**1**&»*&2S 4-Usv*><rk iU A iQ I ATI MS 

oiiwi? ml aaa a. J£< jLrxp ttuo* oao uivdc ui uiic uuuci v*«**'^— 

identical to known genes or carrying no or very short 
ORFs (fewer than 35 amino acid residues) are excluded 
Structural examination of the 26 trapped cDNA 
clones did not allow us to conclude that the following 
15 clones have authentic signal sequences. Three 
clones, H2, NT6, and P5c t had no ORFs in frame with 
the Tac cDNA sequence of the cloning vector. H4 * a 3 
identical to part of a known gene, but it did not corre- 
spond to the N-terrninal signal sequence (data not 
shown), S4, T4, T7, and NT4 had no obvious hydropho- 
bic peeks following the putative first methionine resi- 
dues. H3, T2, and TO had very short ORFs (fewer than 
35 aa) though their .sequences had hydrophobic proper- 
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FIG. 3. Tissu* distribution of SDF3, 3DF4. SDF5. SUM, and SD^ mRNAB. The J™ 
UNA from heart brain kidney, liver, lung. «pleen f and thymus ww hybridiwd serially with a DNA probe nf SDFS (AK SDF4 (B). SDF5 
K Sf^ A The filter was washed lifter each exposure. Six* markers are indicate in kdebsses, 



ties (data not shown), and therefore it was very difficult 
Lu judge whether the sequences were authentic signal 
sequences or not As S3 and NTl had hydrophobic re- 
gions far from the first putative methionine residue (72 
and 64 residues, respectively), we did net characterize 
them further although these hydrophobic sequence* 
may serve as signal sequences. The trapped fir agmenLs 
of F7a and R% did not locate at the 5' ends of the full- 
length cDNA clones and these clones were not charac- 
terized further. 

The following flvR known clones and six unknown 
clones were concluded to contain authentic signal se- 
quences. Five clones, HI, T5 f E6a, NT2, and TA, were 
identical to the N -terminal signal sequences of known 
genes (Table 1). The trapped fragments of six clones 
(SI, S2, S6a, Tl t NTS, and NTS) were located at the 5' 
ends of the full-length cDNA clones. 

Sequmce Analysis of Full-Length cDNAs of the Newly 
Identified Clones 

full-length cDNA of the six unknown clones with 
authentic signal sequences were isolated, sequenced, 



and characterfeed (Table 2). Detailed data of isolation 
and characterization of the SDF-2 clone were described 
elsewhere (Hamada et al. t in press). The hydropathy 
profiles of the deduced amino.acid sequences were plot- 
ted (Fig. IB). All the clones have the typical N-terrninal 
signal sequences and none of them have KDEL signals 
for retention in the endoplasmic reticulum (Pelham et 
at., 1 989). A stromal cell-derived receptor (SDR) or stro- 
mal cell-derived factor (SDF) was named depending 
on the presence or absence, respectively, of a putative 
transmembrane region. 3DR1 bears a clear hydropho- 
bic region noar the C-terminus and SDR2 has six hy- 
drophobic domains at the C-terminus. 

The sequence homology Bearch was performed using 
GenBank and SWISS-FROT databases. SDF2 has sig- 
nificant homology to putative enzymic regions of yeast 
dolichyl phosphate-D-mannose: protein mannosyl- 
transferasc, Pmtlp, and Pmt2p (Hamada et aL, in 
press). SDF3 has remarkable homology to the human 
pigment epithelium-derived factor (PEDF) (Steele «« 
oZ., 1992) (Fig. 2A). There were 78 and 85% identities 
at the nucleotide and amino acid sequence levels, re- 
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epectively. This overall similarity strongly suggests 
that SBF3 is a mouse counterpart for the human 
PEDF. SDF4 has four EF hand motifs for calcium-bind- 
ing activity (Kretsinger and Nockolds, 1973). SDF5 
shows some homology to the extracellular domains of 
the Drosophila tissue polarity gene frizzled (Vinson et 
a/., 1989) and its rat homologues fz-l and/z-2 (Chan Hi 
al., 1992) (Fig, 2B), but its C-terminuB has no homology 
with frizzled. SDR1 has a considerable homology to 
mouse basigin (Altruda ei at, 1989) and chicken HT7, 
members of the immunoglobulin superfamily (Fig. 20). 
At the amino acid sequence level there is 38% identity 
between SDR1 and basigin, 38% identity between 
SDEl and HT7, and 26% identity among the three pro- 
teins, while there is 45% identity between basigin and 
HT7. SDR2 shows no significant similarity to known 



Expression of mRNA of Novel Signal Sequvwe 
Trapped Clones 

The tissue distribution of SDF3, SDF4, SDF5, SDRl, 
and SDR2 mRNAs was examined by Northern blot 
analysis (Fig. 3). SDFS, SDF4, SDRl, and SDR2 
mRNAs were expressed in almost all the organs tested, 
although the expression levels were variable. Several 
observations are worth noting. SDF3 mRNA was 
strongly expressed in liver. SDF5 mRNA was expressed 
in brain, heart, kidney, lung, and thymus, but not in 



liver and spleen. A strong 2.1-kb transcript of the SDRl 
gene was expressed ubiquitously but a 2.6-kb tran- 
script was detected only in brain, SDR2 mRNA was 
relatively abundant in kidney. 

DISCUSSION 

In this report, we described a large-scale screening 
of two ST-2 SST libraries. Twenty-six positive clones 
were obtained from 5900 clones from the two libraries. 
Sequence analysis of the 26 clones revealed that 11 
clones contained authentic signal sequences (true), 10 
clones were classified as artifacts (false), and 5 clones 
were classified as undecided (undecided) (Table D- Af~ 
tifaets described here are either technical or strategic 
The former sequences do not contain signal sequences 
at all, as judged by the absence of ORFs (H2, NT6, and 
P5c) or hydrophobic regions (H4, S4, T4, T7, and NT4). 
The latter sequences do not contain authentic N-termi- 
nal signal sequences but do have hydrophobic se- 
quences in the middle of the full-length cDNA clones 
(F7a and R5g). Undecided clones contain atypical by- 
drophobic sequences: very short hydrophobic OR" 
(H3, T2, and T8) and very long hydrophobic sequence* 
(S3 and NT1). Given the frequencies of artifacts (38W 
and novel genes (23%), we conclude that SST is an 
efficient method for isolating novel secreted or me* 1- 
branc-bound proteins. 
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After positive clones are screened by the SST 
; method, further discrimination should be required to 
' obtain novel cDNA clones encoding authentic Nrtermi- 
Bfitl signal sequences (Fig. 4). The following strategy is 
empirically recommended- The first step is sequencing 
■ the trapped cDNA clones. It should be verified if the 
clones have a reasonably long (more than 85 residues) 
ORF in frame with the Tac sequence of the vector. If 
not, the clones should be abandoned as artifacts. The 
next step is a homology search using available data- 
bases of published genes and proteins. The clones iden- 
tical to the known sequences should not be character- 
ised further. The third test is selection by the hydropa- 
thy profile. Clones that have no hydrophobic peak at 
the N-terminus should be eliminated, In this way the 
clones that appear to contain authentic signal se- 
quences are selected, and their full-length clones are 
isolated from a full-length cDNA library. The presence 
of an in-frame stop codon upstream of the first ATG 
codon is not mandatory because three unknown clones 
with authentic signal sequences (SDR1, SDF2, and 
SUF3) did not have upstream in-frame stop codons (see 
Table 1). 

The biggest problem in a random screening approach 
is to determine the functions of isolated clones. Several 
strategics will facilitate the understanding of the func- 
tions of these molecules: patterns of tissue distribution, 
overexpression in appropriate cell lines, generation of 
antibodies against the expressed proteins, and gene 
targeting- Arqpng the novel genes identified here, we 
gained some hints about the functions of SDF3 and 
SDR1 from their homology with known genes. SDF3 
had remarkable homology to PEDF, suggesting that 
SDF3 is the mouse counterpart for human PEDF (Fig. 
2A). PEDF is an extracellular neurotrophic agent and 
a membeT of the serine protease inhibitor family ac- 
cording to amino acid sequence similarity, but recombi- 
nant PEDF did not inhibit any known serine proteases 
(Bccerra el aL, 1993). The tissue distribution of human 
P1SDF mDNA had not yel been reported except for RFE 
cells (Tombran-Tink et aL, 1994), but mouse SDF3 
mRNA was detected in all the organs tested, suggesting 
that SDF3 may have other functions in addition to neu- 
rotrophic activity. SDR1 belongs to the immunoglobu- 
lin superfamily and has considerable homology to 
mouse basigin and chicken HT7. The mouse basigin 
was first identified as a membrane protein (gp42) from 
a mouse fibroblast expression library by screening with 
a polyclonal antiserum (Altmda et aU 1989). HT7 was 
identified as an antigen intensely expressed in the 
blood-brain barrier of the chicken and was closely re- 
lated to basigin according to the amino acid similarity. 
As already indicated for basigin and HT7 (Miyauchi et 
a/., 1991), the transmembrane and cytoplasmic do- 
mains were highly conserved among the three mole- 
cules (Fig. 2C). The amino acid sequences of basigin 
and HT7 showed 63 and 49% identity, respectively, 
with that of SDR1. The functions of these molecules 
arc not yet known. The brain-specific 2.6-kb transcript 



may be a splicing variant or a product of another re- 
iatedgene. 
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ABSTRACT 

There is growing evidence to suggest that BMPs are among the signals necessary to create the embryonic 
skeleton, but how these regulatory molecules enter the pathways of embryonic bone formation remains to be 
defined. The earliest steps of endochondral bone formation, consisting of mesenchymal condensation and 
chondrogenesis, have been shown to result directly from BMP-2 action. To determine whether the transition 
from chondrogenesis to osteogenesis occurring later in endochondral bone formation is also the result of BMP 
activity, we tested the effects of BMP-2 on immortalized endochondral skeletal progenitor cells derived from 
mouse limb bud. The cell lines established by this process were found to fall into three general categories: 
undifferentiated skeletal progenitor cells, which in the presence of BMP-2 first express cartilage matrix proteins 
and then switch to production of bone matrix proteins; precbondroblast-like cells that constitutively express a 
subset of markers associated with chondrogenesis and, in the presence of BMP-2, shut off synthesis of these 
molecules and are induced to produce bone matrix molecules; and osteoblast-like cells that are not significantly 
affected by BMP-2 treatment. These data suggest that BMP-2 initiates the differentiation of limb bud cells into 
cells of both the cartilage and hone lineages in a sequential manner, making BMP-2 a potent regulator of skeletal 
cell differentiation. 



INTRODUCTION 

THE vertebrate SKELETON is composed of a myriad of 
individual bony structures, each with a unique shape, size, 
and location. Although the oulward appearance of these bones 
differs greatly, the cell types resident within each bone are the 
same. At the cellular level, formation of each individual bone 
follows one of two morphogenic paths: direct conversion of 
mesenchyme to bone tissue (intramembranous bone formation) 
or conversion of mesenchyme to cartilage, removal of the 
cartilage, and replacement by bone (endochondral bone forma- 
tion). Why two paths for skeletal formation exist and the 
relationship between progenitor cells and regulatory molecules 
in these pathways have yet to be discovered. 

There is growing evidence to suggest that bone morphoge- 
netic proteins (BMPs) are among the signals necessary to create 
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the embryonic skeleton, but how these regulatory molecules 
enter the pathways of embryonic bone formation remains to be 
defined. Individual BMPs, including BMP-2, have been local- 
ized by in situ hybridization in mouse embryos at sites undergo- 
ing skeletal formation. 41 ~ 3) In addition, mutant mice deficient in 
at least one of the BMPs, BMP-5, demonstrate impaired carti- 
lage and bone formation during embryogenesis, as well as 
impaired fracture healing as adults. (4 ~ 6> In vitro, cells isolated 
from the developing skeleton are capable of responding to the 
BMPs, and BMPs can induce these embryonic cells to differen- 
tiate into osteoblast-like and chondroblast-like cell types. <7 " 12> 
These results correlate well with in vivo data on BMP activity: it 
is now well established that the soluble factors present in bone 
matrix that arc responsible for bone-inductive activity are 
members of the BMP family/ 1 3-1 9) These BMPs, when im- 
planted in bone defects or in nonbony sites in adult animals, 



1759 



1760 

initiate new bone formation through a sequence or events quite 
similar to embryonic endochondral bone formation. Undifferen- 
tiated mesenchymal cells present at the site of implantation 
convert into cartilage progenitor cells. These cells condense and 
produce abundant cartilage extracellular matrix, which is re- 
moved and replaced by bone/ 20 * 

It is clear that mesenchymal condensation and the induction of 
chondrogenesis are a result of BMP action, but whether bone 
formation occumng at the end of the endochondral cascade can 
also be directly attributed to BMP activity is still speculative. To 
investigate the role of the BMPs in the differentiation of 
embryonic cells along the endochondral pathway, we used the 
limb bud as a source of endochondral skeletal progenitor cells 
and established stable clonal cell lines from 13 day postcoitus 
(13-dpc) mouse limbs. (IO) In this report we show that BMP-2 
initiates the differentiation of these cells into cells of both the 
cartilage and bone lineages, making BMP-2 a potent regulator of 
skeletal progenitor cell differentiation. We also begin to address 
the relationship between osteoprogenitor and chondroprogenitor 
cells as it may relate to endochondral bone formation. 



MATERIALS AND METHODS 

All cells were maintained in Dulbecco's modified Eagle's 
medium (DMEM; GIBCO, Grand Island f NY) in the presence of 
10% heat-inactivated fetal calf serum (FCS; Hazelton, Denver, 
PA) and 4 mM L-glutaminc unless otherwise noted. Recombi- 
nant human BMP-2 (BMP-2) was produced and purified as 
previously described/ 21 * 

For creation of limb bud cell lines, embryos were removed 
from C57BIV6J mice at 13-dpc as determined by mating and 
measurement of the embryos upon retrieval. Whole fore- and 
hindlimb buds were collected and either used as whole buds or 
diced into four to six pieces. The whole buds or diced tissues 
were added to 100 mm dishes in the presence of DMEM 
containing 10% FCS and 8 uA4 Polybrene, together with a 
recombinant retroviral vector carrying the v-myc oncogene and 
aneomycin-selectable marker genc/ 22> After incubation at 37°C 
for 5 h the cultures were washed with phosphate-buffered saline 
(PBS), rcfed with DMEM and 10% FCS, and allowed to grow. 
After 1 week, G418 was added to the culture media in a stepwise 
manner (week 1, 250 u.g/ml; week 2, 500 u.g/ml; weeks 3-5, 
1000 u,g/m!) to select for cells that had incorporated the 
retroviral vector. We estimate that approximately 1 % of the eel Is 
were neomycin resistant. Clonal cell lines were established from 
the neomycin-resistant cell pool using limiting dilution cloning, 
and these cell lines were subsequently characterized for cell 
phenotypes. 

Assays 

Alkaline phosphatase: Confluent cells, grown in DMEM 
with 10% FCS, were incubated for 24. 48, or 96 h in the 
presence or absence of test agent. After this treatment period , the 
cells were washed with PBS and then lysed by freeze thawing in 
water. Cell lysates were analyzed for alkaline phosphatase 
activity in 50 mM glycine, 0.05% Triton X-100, 4 mM MgCI 2 , 
and 5 mMp-nitrophenoI phosphate (Sigma, St. Louis, MO), pH 
10.3, for 30 minutes at 37°C. Spectrophotometric absorbance at 
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405 nm was recorded for each sample and compared lo/J-nitTO- 
phcnol standards to estimate alkaline phosphatase activity in the 
samples. Activities were normalized to cell protein, as measured 
by bicinchoninic acid assay (Pierce, Rockford, It) using immu- 
noglobulin G as standard. 

Cyclic AMP production in response to parathyroid 
hormone (PTH): Confluent cells, grown in DMEM with 10% 
FCS, were preincubated with I mM 3-isobutyI-1-methylxan- 
thinefor 20 minutes at 37°C, followed by a 10 minute incubation 
with 400 ng/ml of PTH (fragment 1-34; Sigma, St Louis, MO). 
The cells were lysed with trichloroacetic acid (TCA) and cellular 
cAMP determined in the cell lysates using a radioimmunoassay 
(RIA) kit (DuPont, Wilmington, DE). 

Bone Gla protein (BGP) production: Confluent cells 
were treated with or without BMP-2 for 24-96 h. Conditioned 
medium from the last 24 h of treatment and cell layers were 
collected and assayed for the presence of immunoreactive BGP 
using a mouse BGP RIA assay kit (Biomedical Technologies, 
Inc., Stoughton, MA). 

Radiolabeled sulfate incorporation: A total of 300,000 
cells per well were seeded in 96-well dishes and incubated at 
room temperature for 2 h to form a micromass. The micromass 
cultures were treated for 96 h, with medium replacement every 
24 h. For the last 24 h of treatment, medium was replaced with 
sulfate-free medium to which 10 u-Ci ^SO^ml was added. 
35 S0 4 incorporated into protein and cell layers was precipitated 
with 10% TCA at 4°C and quantified by liquid scintillation. 

RNA preparation and analysis: Monolayer cells were 
grown to confluence in DMEM with 10% FCS and then changed 
to medium containing DMEM with 1% FCS ± BMP-2. Micro- 
mass cells were plated at 300,000 cells/well in 96-well dishes in 
DMEM containing 1% FCS. Total cellular RNA was isolated 
and prepared according to the method given in Sambrook et 
al / 23> RN A ( 1 0 u.g/sample) was denatured and size separated on 
a 1% agarose gel containing 2.2 M formaldehyde and then 
transferred onto nitrocellulose (Schliecher and Scheull; 0.45 jun 
pore size) by capillary action. 

Mouse proteoglycan core protein (C-PGN), collagens type 1 
and II, and BGP cDNAs cloned at Genetics Institute were 
labeled for use as hybridization probes using a random priming 
kit (Pharmacia, Piscataway, NJ). Northern blots were prehy- 
bridized for 2 h and then hybridized overnight at 65°C in 5x 
saline sodium citrate (SSC), 0.1% sodium dodecyl sulfate 
(SDS), 5x Denhardfs solution, and 0.1 u.g/ml of heat-dena- 
tured salmon sperm DNA. They were then washed once for 15 
minutes at room temperature in 0.5 x SSC and 0.1% SDS and 
then three times for 15 minutes each at 65°C in the same 
solution. Blots were exposed to Kodak XAR-5 film with 
intensifying screens at -8CTC for 1-3 days. Quantitation of 
equal lane loading was done by staining blots with 0.04% 
methylene blue in 0.5 M sodium acetate (pH 5.2) for visualiza- 
tion of total cellular RNA as described by Sambrook et al.< 23) 



Histology and microscopy 

Micromass cultures were fixed in 2% paraformaldehyde in 
PBS overnight at 4°C and then scraped from culture dishes and 
embedded in JB4 resin. Alkaline phosphatase was localized on 3 
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fxm sections using the method of Troyer et al. <24> Monolayer 
cultures were stained for alkaline phosphatase activity using 
Sigma Kit 86-C. 

Micromass cultures were also stained with alcian blue (pH 
1.0) overnight alter fixation for 30 minutes in 10% buffered 
formalin. Excess stain was rinsed with 0.1 M HC1. <23> 

Photomicrographs were taken with a Zeiss Axiophot micro- 
scope. 



RESULTS 

Thirteen day postcoitus mouse limb bud cells were immortal- 
ized with a retroviral vector containing v-myc + neo and 
selected with G418 to obtain a cell pool, MLB13MYC, which 
was responsive to BMP-2 in a manner similar to primary MLB 
cells in preliminary studies. o0) Clonal celt lines were estab- 
lished from the MLB13MYC cell pool by a limiting cell dilution 
cloning technique. The resulting cell lines were screened for 
expression of chondroblast and osteoblast phenotypes using a 
panel of assays that included biochemical and molecular mark- 
ers expressed by preosteoblasts and prechondroblasts. as well as 
markers that are more specifically associated with either bone or 
cartilage cells/ 2 ***" 

As shown in Table 1, all the BMP-2-responsive cell lines 
expressed alkaline phosphatase, and many of these exhibited 
PTH sensitivity as well. These responses are consistent with 
both osteo- and chondroprogenitor cells but are not specific 
indicators of skeletal cell phenotypes. As an indication of the 
type of extracellular matrix (ECM) synthesized by MLB13MYC 
cell lines, we measured 35 S0 4 incorporated into secreted protein 
and cell matrix by MLB13MYC clones, performed alcian blue 
staining on cell lines in micromass culture, and, using an RIA 
specific for BGP, monitored its production by MLB13MYC 
cells. If an individual cell line was alcian blue positive and 
incorporated 35 S0 4 into secreted protein without synthesizing 
BGP, a protein associated with mature osteoblasts/ 30 we 
preliminarily identified it as chondroblast- like. If an individual 
clone secreted measurable BGP, it was tentatively identified as 
osteoblast-like. These distinctions were useful in limiting the 
number of cell lines used for further studies. Before addition of 
BMP-2, 6 of the 24 cell lines exhibited a chondroblast-like 
ECM, and after BMP-2 treatment this number increased, so that 
15 of the 24 lines studied produced a cartilaginous ECM as 
measured by our preliminary criteria. Relatively few of the cell 
lines synthesized BGP constitutively (4 of 24), but treatment 
with BMP-2 for at least 48 h strongly stimulated the production 
of BGP in 17 of the 24 lines. From this initial screen, we were 
able to define three types of cell lines: those that had no 
constitutive expression of chondroblast or osteoblast phenotype 
genes before BMP-2 treatment (skeletal progenitor cells), cell 
lines constitutively expressing low levels of one or more of the 
biochemical and molecular markers associated with chondro- 
blast-like cells before BMP-2 addition (prechondroblast-like 
cells), and cell lines exhibiting a well-defined osteoblast pheno- 
type without exposure to BMP-2 (osteoblast-like cells). We 
chose representatives of the first two phenotypes for further 
characterization. 



MLB13MYC clone 14: A skeletal progenitor cell line 

An example of an early skeletal progenitor cell clone that was 
derived from limb bud is MLBI3MYC clone 14. These cells 
sequentially express morphologic and biochemical features, 
first of chondroblasts and then of osteoblasts, upon treatment 
with BMP-2. In monolayer cultures, MLB13MYC clone 14 
cells appear stellate and become increasingly more cuboidal as 
they reach confluence (Plate 1 A). Treatment of these cells with 
BMP-2 for 24 h induced measurable alkaline phosphatase 
activity (Plate I B) that was significantly increased after 48 h of 
treatment and remained elevated throughout the remainder of the 
experiment (Fig. 1A). In addition, following 48 h of BMP-2 
exposure, the MLB13MYC clone 14 cells were able to respond 
to PTH by increasing cAMP (250% increase after 48 h of 
treatment). 

When we analyzed matrix protein synthesis and secretion, 
MLB13MYC clone 14 in monolayer cultures did not make 
detectable mRNA for C-PGN, collagen type II, or BGP without 
BMP-2 treatment. After 24 h of culture in the presence of 
BMP-2 (1 00 or 500 ng/ml), induction of mRNA for both C-PGN 
and collagen type II was apparent (Fig. 2). The mRNAs for 
C-PGN and collagen type II started to decline by 48 h and were 
nondetectable by day 4 of BMP-2 treatment. In contrast, mRNA 
for BGP and collagen type 1, which appeared on days 2 and 4, 
respectively, in the BMP-2-lrealed cultures, continued to in- 
crease and remained elevated for the 8 day experimental period- 
Secretion of BGP protein by MLB 13MYC clone 14 cells was not 
detected until 72 h after initiation of treatment with BMP-2 (data 
not shown). 

To determine the duration of BMP-2 treatment needed to 
decrease expression of cartilage-associated matrix proteins and 
initiate expression of bone-associated proteins, we performed a 
time course experiment with monolayer cultures, treating cells 
for 1 , 2, or 4 days, and then analyzed mRNAs at day 8. As seen 
in Fig. 3, treatment with BMP-2 for 24 h initiates production of 
mRNAs for C-PGN and collagen type II, but these are signifi- 
cantly decreased with increasing time in culture and are unde- 
tectable by the end of the 8 day period. BMP-2 treatment for 48 
h appeared sufficient to cause a marked decrease in the levels of 
both collagen type II and C-PGN mRNAs and to induce 
synthesis of BGP mRNA by MLB13MYC clone 14 cells. The 
low levels of each of these mRNAs is probably the result of the 
ongoing switch process that starts during the 48 h treatment 
period. Continuous BMP-2 treatment for 4 days results in the 
switch from the production of collagen type II and C-PGN 
mRNAs to the production of BGP mRNA, which is maintained, 
although at a reduced level, at day 8. Continuous treatment of 
the cultures with 100 ng/ml of BMP-2 results in both the switch 
from chondroblast-like to osteoblast-like phenotype and main- 
tenance of a mgh ievei of BGP mRNA. 

In micromass cultures , MLB 1 3MYC clone 1 4 cells showed a 
rounded morphology and. in the presence of BMP-2, synthe- 
sized significant amounts of alkaline phosphatase. By day 8 of 
BMP-2 treatment, the celts in micromass cultures showed an 
inner layer of hypertrophic cells surrounded by a distinct layer of 
flattened cells that stained intensely for alkaline phosphatase 
(Plate 2). When matrix proteins were anlayzed in micromass 
cultures of MLB13MYC clone 14, we observed the sequential 
induction of collagen type II and C-PGN mRNAs, followed by 
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Table 1. Summary of Boni: and Cartilage Phenotype 
Marker Assays Performed with All MLBJ3MYC 
Ceix Lines" 



Group 


ALP 


PTH cAMP 


JS S0 4 


BGP 


-BMP-2 
+BMP-2 


6/24 
18/24 


12/24 
12/24 


6724 
15/24 


4/24 
17/24 



"Values represent fraction of total clones that scored posi- 
tively in these assays. ALP, alkaline phosphatase. 

their decline and the induction of the mRNAs for BGP and 
collagen type 1 proteins (data not shown), a result similar to that 
seen when MLBI3MYC clone 14 ceils are maintained in 
monolayer cultures. We also used the micromass system to 
measure ECM production by MLBI3MYC clone 14 cells. 
Although the amount of ECM deposited under these conditions 
was small, after 3 days of BMP-2 treatment there was an 
increase in sulfate incorporation into both secreted proteins and 
the cell layer (Table 2), suggesting that BMP-2 influences ECM 
production on the protein level. 

MLB13MYC clone 17: A prechondroblast-like cell line 

MLB13MYC clone 17 cells had very low but detectable 
amounts of mRNA for C-PGN and collagen type U when 
maintained in monolayer cultures (Fig. 4). The cells also 
displayed a constitutive ability to respond to PTH by increasing 
cAMP, and exposure of MLB13MYC clone 17 cells to BMP-2 
for 48 h significantly enhanced their sensitivity to PTH by about 
2-fold (data not shown). On the histologic level, the cells 
displayed little alkaline phosphatase activity without BMP-2, 
^-jfnd treatment of confluent MLB13MYC clone 17 cells with 
BMP-2 for 24 h induced alkaline phosphatase activity to a low 
but significant level (Plate 3A and B). After 48 h of BMP-2 
treatment, the induction of alkaline phosphatase activity was 
greatly increased, and a clear dose relationship was evident (Fig. 
IB). With the highest dose of BMP-2 tested, we observed an 
18-fold induction of alkaline phosphatase. Treatment of 
MLB13MYC clone 1 7 with BMP-2 for greater than 48 h did not 
significantly change alkaline phosphatase production from the 
level seen at 48 h. After 96 h of continuous BMP-2 treatment, 
alkaline phosphatase levels in MLBI3MYC clone 17 cells 
remained elevated (Fig. IB). 



Table 2. 35 S0 4 Uptake by MLB13MYC Clone 14 Cells 
in Micromass Cultures" 



BMP-2 (ng/ml) 


Conditioned medium 


Cell layer 


0 
1 

10 

100 

1000 


633 ± 126 
449 ± 99 
733 ± 206 
4,868 ± 1321** 
27,685 ± 11816 b 


878 ± 94 
1.432 + 572 
2,346 ± 236 
9,289 ± 2389° 
12,215 ± 1800 c 



a Values are triplicate samples expressed as CPM/u-G DNA 
and represent a typical experiment. 

Conditioned medium n = 16 ± standard error of the mean 
(SEM),/?< 0.0005. 

'Cell layer n = 3 ± SEM, p < 0.05. 
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FIG. 1. Effect of BMP-2 on alkaline phosphatase activity in 
MLB13MYC clone 14 and MLB13MYC clone 17 cells as a 
function of BMP-2 dose and length of treatment. Cultures were 
plated at 20,000 cells per well in 96-well dishes and treated as 
shown. Results are expressed as the mean ± SEM of three 
experiments. Dots indicate significance, p < 0.05. (A) 
MLB13MYC clone 14; (B) MLB13MYC clone 17. 



To examine the differentiation of MLBI3MYC clone 17 
cells treated with BMP-2, we performed northern analysis on 
mRNA from cells grown in monolayer and treated with 100 
ng/ml of BMP-2 for 1-8 days. After 24 h of BMP-2 
treatment, C-PGN mRNA present in untreated cells had de- 
creased significantly and was undetectable at 48 h; a similar loss 
of collagen type II mRNA occurred 48 h after BMP-2 addition 
(Fig. 4). Within the same time period, the mRNAs for BGP and 
collagen type I, osteoblast-associated matrix proteins became 
evident in BMP-2-treated cells and were present for the remain- 
der of the 8 day experimental period. We also measured BGP 



PLATE 1. MLB13MYC clone 14 cells in monolayer culture 
at confluence and stained for the presence of alkaline phos- 
phatase after treatment with 100 ng/ml of BMP-2 for 24 (A) or 
48 (B) h. Alkaline phosphatase is seen as a purple stain on few 
cells (A) at 24 h and on most cells (B) at 48 h but is absent from 
control cultures at 48 h (C). Original magnification: X250. 
PLATE 2. Photomicrographs of sections of MLB13MYC 
clone 14 cells in micromass cultures after 8 days of BMP-2 
treatment (A, toluidine blue; B, alkaline phosphatase reactivity 
is red). The cells have a hypertrophic appearance in all BMP-2- 
treated cultures. An intense alkaline phosphatase stain (red) is 
seen in the outer layer of flattened, nonhypertrophic cells (C). 
Original magnification: X500. 

PLATE 3. MLB 1 3M YC clone 17 cells in monolayer cultures 
in the presence of BMP-2 for 24 h (A, BMP-2-treated cultures; 
B, control cultures). Alkaline phosphatase, as indicated by 
purple staining, is seen in few of the cells in the absence of 
BMP-2 and in a majority of BMP-2-treated cells at 48 h. In 
histologic sections of micromass cultures of MLB 1 3MYC clone . 
17 after 8 days of BMP-2 treatment, cells have a flattened 
morphology and do not appear hypertrophic (C). Alkaline 
phosphatase staining is red. Original magnification: A and B, 
x250;C, X500. 
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secretion by MLB 1 3M YC clone 17 cultures and found accumu- 
lation of BGP in both the medium and cell layer by 96 h (data not 
shown). 

When MLB 13MYC clone 17 cells wereplaled in micromass 
and treated with BMP-2, in contrast to the histologic appearance 
of MLB13MYC clone 14 cells, no chondroblast-like cells were 
observed. Although the cells stained for alkaline phosphatase, 
the absence of alcian blue staining and their elongated appear- 
ance suggested that MLB 1 3MYC clone 17 cells were no longer 
chondroblast-like (Plate 3C). These data support the idea that 
treatment of MLB 1 3MYC clone 17 cells with BMP-2 results in 
the inhibition of a chondroblast-like phenotype and induction of 
an osteoblast-like phenotype. This phenolypic change was 
independent of any growth effects that BMPs may have, because 
MLB I3MYC clone 17 showed no proliferative or antiprolifera- 
tive responses to BMP-2 treatment (data not shown). 



500 nq/ml BMP-2 

■ * 




FIG. 2. Northern analysis of matrix protein mRNAs in 
MLB13MYC clone 14 cells in monolayer cultures. Cells were 
treated or not with 500 ng/ml of BMP-2 for the days indicated, 
and total RNA was collected and hybridized with cDNAs for 
cartilage-specific proteoglycan core protein (PGN), bone Gla 
protein (BGP), and collagcns type I and U (COL I and COL II). 
RNA (10 u.g) was loaded in each lane. Note that the faint bands 
that are present in all lanes in the COL 1 portion of the gel 
represent ribosomal RNA. 



DISCUSSION 

Embryonic limb is a well-recognized source of skeletal 
progenitor cells/ 32 * 33 ' Immortalization of cells from 13-dpc 
mouse limb with v-rayc oncogene has allowed us to establish a 
variety of clonal cell lines capable of expressing chondroblast- 
like and osteoblast-like phenotypes in vitro. The cell lines 
established by this process fall into Ihree general categories: 
undifferentiated skeletal progenitor cells, which in the presence 
of BMP-2 first express cartilage matrix proteins and then switch 
to production of bone matrix proteins; prechondroblast-like cells 
that express a subset of markers associated with chondrogenesis 
and, in the presence of BMP-2, decrease the synthesis of these 
molecules and produce bone matrix molecules; and osteoblast- 
like cells that display a differentiated phenotype without BMP-2 
treatment. These data are consistent with the role of BMPs as 
morphogens having direct actions on mesenchymal stem cells to 
initiate their differentiation into cells of the cartilage and bone 
lineages. 

An early step in the endochondral bone formation process is 
the condensation of mesenchymal cells into discrete precartilag- 
inous nodules/ 341 In vivo, BMPs have been localized by in situ 
hybridization to presumptive skeletal areas before the onset of 
condensation, and in short ear mice, with a mutation in the 
BMP-5 locus, mesenchymal condensations during development 
are impaired.* 2 * 1 These data suggest that BMPs are the natural 
inducers of mesenchymal condensation in vivo. In vitro, BMPs 
and BMP-related molecules have been shown to affect celt 
condensation. Recent data indicate that activin and transforming 
growth factor fi, molecules related to BMPs, affect condensa- 
tion in limb bud cells by altering expression of N-CAM. <35 ~ 37) 
BMP-7 has also been reported to increase expression of N-CAM 
in a glioblastoma-neuroblastoma hybrid/ 35 ** Our own unpub- 
lished data showing BMP-2 regulation of N-CAM expression by 
MLBI3MYC clone 14 support the idea that BMPs promote 
mesenchymal cell-progenitor cell condensations by affecting the 
level of N-CAM. 

Once mesenchymal cell condensation has occurred, both 
early osteoblast-like and chondroblast-like cells can respond to 
PTH through increases in intracellular cAMP and also express 
high levels of alkaline phosphatase, an enzyme associated with 
matrix formation. All BMP-2 responding celis, 24 of the 28 cell 
lines we derived, constitutively expressed or could be induced to 
produce alkaline phosphatase and respond to PTH. 
MLB13MYC clone 14 and MLB13MYC clone 17 both re- 
sponded to BMP-2 treatment with increases in PTH-induced 
cAMP and alkaline phosphatase activity. 

The synthesis and secretion of an ECM rich in C-PGN and 
collagen type II is characteristic of the chondroblast phenotype. 
Low levels of collagen type II mRNA may be present before 
overt differentiation, but upregulation of these matrix macro- 
molecules occurs as these cells mature/ 33 ^ Within 24 h of 
BMP-2 treatment. C-PGN and collagen type II mRNA were 
induced in both monolayer and micromass cultures of 
MLB13MYC clone 14. Continued treatment of both 
MLB13MYC clone 14 and MLB13MYC clone 17 with BMP-2 
inhibited expression of the mRNAs for these cartilage matrix 
proleins, a pattern that has also been reported in primary 
cartilage cells undergoing hypertrophy Z 40 " 42 * Although we did 
not measure collagen type X, a marker of hypertrophic chondro- 
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FIG. 3, Northern analysis of matrix protein mRNAs in 
MLB 1 3MYC clone 14 cells in monolayer cultures treated or not 
with 100 ng/inl BMP-2 for 1. 2. 4, or 8 days in an 8 day 
experimental period. Total RNA was collected and hybridized 
with cDNAs for cartilage-specific proteoglycan core protein 
(PGN), bone Gla protein (BGP), and collagen type (I (COL II). 
Lane designations: A, RNAs harvested before BMP-2 treat- 
ment; B, D. F, G, and H, RN As harvested after I day (B), 2 days 
(D), 4 days (F), or 8 days (H) of continuous BMP-2 treatment; 
C, E f and G, RNAs harvested at the end of an 8 day period in 
which BMP-2 was present for the first day (C), first 2 days (E), 
or first 4 days (G). Lanes were loaded with 10 Ltg RNA. 



cytes, histologic analysis of MLB 13MYC clone 14 cells at 4 and 
8 days of micromass cultures showed morphology consistent 
with a hypertrophic phenotype. This was despite the lack of 
ascorbic acid, glucocorticoids, retinoic acid, and high concen- 
trations of FCS in our culture medium, all previously shown to 
be important for the elaboration of a hypertrophic phenotype in 
vitro. (4(MM3 - 45) It is possible that MLB I3MYC clone 14 cells 
progress through a hypertrophic chondrocyte stage, and it will 
be interesting to characterize this progression under appropriate 
culture conditions in future studies. 

V-niyc immortalization has been reported to be well suited for 
cartilage progenitor cells, because the presence of the oncogene 
does not appear to affect cell differentiation during the early 
phases of chomlrogenesis. <42 ' 46 - 47> It may have effects on 
expression of a hypetrophic chondrocyte phenotype/ 41 -42) how- 
ever, which would be in keeping with our observation of low 
levels of ECM production by MLB13MYC cells. The cell 
culture conditions used in these experiments, specifically the 
lack of ascorbic acid and glucocorticoids as additives to the 
culture medium, and also the use of greatly reduced serum 
concentrations (1%), have been shown to affect matrix deposi- 
tion by chondrocytes in vitro, greatly reducing ECM deposited 
by these cells. From our studies we cannot establish whether the 
low levels of matrix deposition we observed are a result of the 
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FIG. 4. Northern analysis of MLB13MYC clone 17 cells in 
monolayer cultures after 0, 1 , 2, 5, or 8 days of BMP-2 treatment 
or after 8 days without BMP-2 treatment. Total RNA was 
collected at the end of the experimental period and hybridized 
with cDNAs for cartilage-specific proteoglycan core protein 
(PGN), bone Gla protein (BGP), and collagens type 1 and II 
(COL I and COL II). The 10 fig amounts of RNA were loaded in 
each lane. 



use of v-myc as an immortalizing agent or are caused by the 
incompatibility of our culture system with the requirements for 
ECM production. This question must be addressed in future 
experiments. Because our aim was to examine the effects of 
BMP-2 on the differentiation of mesenchymal cells into carti- 
lage and bone, however, we believe our data indicate that 
BMP-2 induces the differentiation of skeletal progenitor cells 
along these pathways. 

We do not believe that v-myc is responsible for the switch 
from a chondrocyte to an osteoblast-like phenotype observed 
when MLB13MYC clones 14 and 17 are treated with BMP-2, 
for a number of reasons. First, MLB13MYC cells maintained 
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FIG. 5. Possible lineage diagram for differentiation of cells 
into mature cartilage and bone phenotypes. MSC, mesenchymal 
stem cell; SPC, skeletal progenitor cell; PC, prechondroblast: 
CB, chondroblast; CY, chondrocyte; PO, preosteoblast; OB, 
osteoblast; OY, ostcocyte. We hypothesize that MLB13MYC 
clone 14 represents a SPC that in the presence of BMP-2 
undergoes differentiation to PC and CB and then moves from 
the cartilage pathway to become an OB (broken arrow B is the 
switch step). MLBI3MYC clone 17 represents a PC that in the 
presence of BMP-2 switches from the cartilage lineage to the 
bone cell lineage (broken arrow A is the switch step). 



under similar culture conditions but without addition of BMP-2 
do not differentiate into chondrocytes or osteoblasts. Second, 
treatment of our cultures with other agents known to affect 
chondroblast and osteoblast differentiation does not result in the 
elaboration of any osteoblast-like phenotype characteristics. 
Third, it has been reported that inhibition of endogenous c-myc 
expression by limb bud cells leads to enhanced chond oogene- 
sis' 48 * and that v-myc immortalization prevents cells from 
displaying a mature chondrocyte phenotype/ 41 * 42> findings that 
""are inconsistent with v-myc immortalization leading to en- 
hanced cellular differentiation by MLB13MYC cells. Instead, 
the need for continuous BMP-2 treatment for enhanced pheno- 
type expression by MLB13MYC clone 14 celts suggests that 
v-myc may have a negative effect on phenotype expression in 
our system that is overcome by BMP-2. Last, recent work by 
Cancedda et al/ 40 * 44 ' showed that primary hypertrophic chon- 
drocytes, in the presence of rctinoic acid (RA) and in monolayer 
culture, also downregulatc type X collagen production and 
secrete BGP, a finding equated with continued differentiation of 
chondrocytes into osteoblasts in the absence of v-myc. Interest- 
ingly, Francis et al. (49) have shown that RA induces BMP-2 
expression in developing chick limb in vivo, and it is possible 
that the presence of RA in the culture system used by Cancedda 
et al. may induce synthesis of BMP-2 protein, which would then 
be available to affect the further differentiation of hypertrophic 
chondrocytes into osteoblasts. These ideas remain to be proven, 
but our cell lines provide an interesting system in which to 
examine some of these interrelationships. 

Our experimental evidence suggests that BMP-2 has a direct 
effect on two distinct stages of skeletal progenitor cells present 
in limb bud, revealing a sequential relationship between carti- 
lage and bone cell phenotypes. Whether BMPs are the only 
stimuli that can elicit this response remains to be determined. 
Other growth factors known to be regulators of the cartilage cell 
phenotype. such as insulin-like growth factor I, fibroblast 
growth factor, and dexa methadone, did not induce expression of 
chondroblast phenotype by these cells but, in some cases, 



potentiated the expression of chondroblast properties in BMP- 
2-treated cells (data not shown). The response of MLB13MYC 
clones 14 and 17 was not unique, because 10 of the 24 cell lines 
created from J3-dpc limb buds had the ability to produce both 
cartilage-specific and bone-specific proteins when treated with 
BMP-2. 

We propose that in vivo during embryonic bone formation, a 
morphogen, such as BMP-2, first induces the expression of a 
chondroblast-like phenotype. We further speculate that cartilage 
then remains as cartilage unless it is subject to another inductive 
signal, possibly local synthesis of BMPs or other, yet to be 
identified, molecules (see Fig. 5). Previous in vivo studies have 
suggested that phcnotypically discernible cartilage cells trans- 
differentiate into bone cells, but the difficulties inherent in 
systems in vivo, notably heterogeneity of cell populations, have 
left doubt about chondroblast to osteoblast transitions. t50_54> 
Analysis of clonal cell populations that originate from a single 
primary chondrocyte have suggested transdifferentiation does 
occur. Our ability to use clonal cell lines providing homoge- 
neous cell populations offers distinct advantages. By document- 
ing the differentiation of MLB 13MYC cells on a molecular and 
biochemical level, we have provided additional specific evi- 
dence for the sequential differentiation of cartilage cells to bone 
cell phenotypes, data consistent with reports of the ability of 
osteoprogenilor cells to express chondroblast-like phenotype 
features in vitro.* ,:i * 5^i - v,, The availability of morphogenic mol- 
ecules, such as BMP-2, allows us to control the differentiation of 
progenitor cells to osteoblasts and chondroblasts in both settings 
in vivo and in vitro. Given the large number of BMP family 
members and related proteins discovered to date, we speculate 
that each possesses distinct as well as overlapping activities that 
influence skeletal cell differentiation and morphogenesis. 
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Cbfal/Runx2 is a transcription factor essential for bone for- 
mation and osteoblast differentiation. Two major N-terminal 
isoforms of Cbfal, designated type I/p56 (PEBP2aAl, starting 
with the sequence MREPV) and type II/p57 (til-i, starting with 
the sequence MASNS), each regulated by distinct promoters, 
are known. Here, we show that the type I transcript is con- 
stitutively expressed in nonosseous mesenchymal tissues and 
in osteoblast progenitor cells. Cbfal type I isoform expression 
does not change with the differentiation status of the cells. In 
contrast, the type II transcript is increased during differen- 
tiation of primary osteoblasts and is induced in osteoprogeni- 
tors and in premyoblast C2C12 cells in response to bone mor- 
phogenetic protein-2. The functional equivalence of the two 
isoforms in activation and repression of bone-specific genes 
indicates overlapping functional roles. The presence of the 



ubiquitous type I isoform in nonosseous cells and before bone 
morphogenetic protein-2 induced expression of the type II 
isoform suggests a regulatory role for Cbfal type I in early 
stages of mesenchymal cell development, whereas type II is 
necessary for osteogenesis and maintenance of the osteoblast 
phenotype. Our data indicate that Cbfal function is regulated 
by transcription, cellular protein levels, and DNA binding ac- 
tivity during osteoblast differentiation. Taken together, our 
studies suggest that developmental timing and cell type- 
specific expression of type land type II Cbfa isoforms, and not 
necessarily molecular properties or sequences that reside in 
the N-terminus of Cbfal, are the principal determinants of the 
osteogenic activity of Cbfal. (Endocrinology 142: 4026-4039, 
2001) 



THE RUNX/CBFA/AML/PEBPaA family of transcrip- 
tion factors includes three distinct genes that encode 
proteins with crucial roles in the regulation of cell fate de- 
cision and transcriptional control of critical genes for cellular 
differentiation and development (reviewed in Refs. 1 and 2). 
Several key studies have established that Cbfal is required for 
in vivo bone formation (3-5) as well as maturation of hyper- 
trophic chondrocytes (6, 7) and osteoblast differentiation (3, 
8, 9). There is a complete lack of intramembranous and en- 
dochondral bone formation in Cbfal null mice (3), and hap- 
loinsufficiency of this gene results in cleidocranial dysplasia 
(CCD), a dominantly inherited developmental disorder of 
bone (4, 5). The loss of bone formation is attributed to mat- 
urational arrest of the osteoblast differentiation process (3, 8, 
9). Cbfal is expressed in mesenchymal condensations of de- 
veloping bones during embryogenesis (3, 5), and the rriRNA 
has been shown to increase in osteogenic tissues (8-11). 

In the past few years several isoforms for each of the three 
Cbfa transcription factors have been identified. A shared 



Abbreviations: ALP, Alkaline phosphatase; BMP, bone morphoge- 
netic protein; CCD, cleidocranial dysplasia; CSK, cytoskeletal; DAPI, 
4' / 6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; 
GAPDH, glyceraidehyde-3-phosphate dehydrogenase; mALP, mouse 
alkaline phosphatase; OBSC, osteoblast-specific complex; OC, osteocal- 
cin; poly(A) + , polyadenylated; ROB, rat osteoblasts; TGF/3-RI, TGF/3 
type I receptor. 



property of the Cbfa genes is that expression is regulated by 
at least two distinct promoters that generate two N-tenriinal 
isoforms (11-13). Additional isoforms arise as a result of 
alternative splicing, exon skipping, as well as deletions and 
frameshift mutations in the N-tenrtinal, C-terminal, and in- 
ternal regions of the gene (11, 14). Cbfal isoform structure 
and expression have been studied in rat, mouse, and human 
(9 ; 11, 13, 14) and in the context of CCD phenotype (15, 16) 
where patient genotypes reveal perturbation of the Cbfal 
gene structure. The first Cbfal isoform identified, PEBP2aAl 
(17) and recently described as the type I isoform (18), is a 
513-amino acid protein (designated p56/type I) that initiates 
in exon 2 at the sequence MRIPV. It was initially shown to 
be expressed in T cells and Ha-ras-transformed fibroblasts 
(17, 19) and thymus (20) and was detected in other nonosse- 
ous (21), chondrogenic (7, 22), and osteoblast cell lines (8, 11, 
18). The second major isoform, til-1 (14) (designated p57 or 
type II isoform), initiates in exon 1 at the sequence MASNS 
(11, 14, 23) and is only 15 amino acids longer than the p56/ 
type I isoform. Forced expression of these isoforms modu- 
lates transcription of skeletal genes (18, 24-26), indicating 
that both proteins are functionally active in osteoblasts and 
hypertrophic chondrocytes. While attention has focused on 
the functional activities of these isoforms, their expression in 
relation to osteoblast maturation and differentiation under 
control of osteo-inductive factors remains to be addressed. 
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Members of the family of bone morphogenetic proteins, 
BMP-2 and BMP-4/-7, mediate the commitment of undif- 
ferentiated mesenchymal progenitor cells to the skeletal lin- 
eage (27-29) and are potent inducers of Cbfal transcription (9, 
18, 21, 30). Thus, the early events of osteogenesis, regulated 
by BMP-2, are closely linked to Cbfal induction of the genes 
involved in bone formation and osteoblast differentiation. 

To increase understanding of the role of Cbfal in regu- 
lating osteogenesis, we examined the expression of Cbfal 
isoforms at different stages of osteoblast development. We 
also determined the BMP-2 responsiveness of the two major 
N-terminal isoforms in primary rat calvarial osteoblasts, 
mouse MC3T3 preosteoblasts, and cells that represent earlier 
stages of osteoprogenitors. Here we show that the type I 
transcript is constitutively expressed in nonosseous mesen- 
chymal tissues and during osteoblast differentiation. How- 
ever, expression of the type 31 transcript is regulated during 
osteoblast differentiation and is induced by BMP-2. Our 
studies provide novel insights into the regulation of Cbfal 
activity in relation to the development of skeletal lineage 
cells. 

Materials and Methods 

Cell culture 

Normal diploid osteoblasts obtained from 21-d-old fetal rat calvariae 
were isolated and maintained as previously described (31). Primary cell 
cultures were established from postnatal mouse lung, liver, muscle, and 
skin tissues after 5- and 15-min sequential digestions with collagenase 
P (Roche Molecular Biochemicals, Mannheim, Germany), plating cells 
from the second digest at a density of 0.5 X 10 6 /100-mm dish. MC3T3-E1 
cells were maintained in aMEM supplemented with 10% FBS (Atlanta 
Biologicals, Norcross, GA). MLB13MYC clone 14 and MLB13MYC clone 
17 cell lines were maintained in DMEM (Life Technologies, Inc., Gaith- 
ersbure MD) supplemented with 10% FBS (32). Cells at passage 12 were 
chanced to DMEM with 1% FBS when treated with 100 ng/ml BMP-2^ 
(Genetics Institute, Cambridge, MA). C2C12 cells were maintained in 
DMEM (33) supplemented with 5% FBS and treated with 300 ng/ml 
BMP-2 when required. Charcoal-stripped serum was prepared for BMP- 
2-treated cells by the addition of 5% activated charcoal to FBS at 4 C 
overnight, followed by filter sterilization. 

Plasmids and analysis of promoter activity 

Several promoter-reporter constructs were used for transient trans- 
fection assays as previously described (25). Rat osteosarcoma ROS 17/ 
2 8 cells and nonosseous HeLa cells plated on six-well plates were 
transiently transfected with 2.5 /xg/well of either the 0.6-kb chick bone 
sialoprotein promoter-cWoramp/u^rco/ acetyltransferase (CAT; a gift from 
Dr L Gerstenfeld Musculoskeletal Research Laboratory, Boston Uni- 
versity Medical Center, Boston, MA) (34), the 1.6-kb TGF/3 type 1 receptor 
(TGF-fiRI) promoter-Luc (gift from Dr. M, Centrella, Department of 
Surgery Yale University School of Medicine, New Haven, CT) (35), or 
the 1 1-kb rat osteocalcin (OC) (36) promoter-G4T. The reporter con- 
structs were cotransfected with 750 ng/well expression plasmid con- 
taining cDNAs of either PEBP2aAl (type I; gift from Dr. Yoshiaki Ito, 
Department of Viral Oncology, Kyoto University, Kyoto, Japan) (17) or 
fi/-2(type II; gift from Dr. James Neil, Department of Veterinary Pathol- 
ogy University of Glasgow, Glasgow, UK) (14) using Superfect trans- 
fection reagent (Life Technologies, Inc.). CAT activity was measured 
24-36 h after transfection, and transfection efficiency was normalized by 
the luciferase activity of the internal control plasmid Rous sarcoma 
virus-luciferase (100 ng/well). Representative results of three indepen- 
dent studies are shown. Data shown are the mean ± sd (n = 9). 

Protein-DNA interaction analysis 

Nuclear extracts were prepared from proliferating (d 2 or 3), differ- 
entiated (d 14) and mineralized (d 20 or 23) primary rat osteoblasts as 



previously described (37) using 0.45 m KC1 for extraction. For mouse 
MC3T3-E1 nuclear extracts, cells were collected on d 7, 10, 16, and 22. 
MLB13MYC clone 14 and MLB13MYC clone 17 cells [control and 48-h 
BMP-2-treated (100 ng/ml)l were collected on d 7, C2C12 cells {control 
and 48 h BMP-2-treated (300 ng/ml)] were collected on d 5. EMSAs were 
performed using conditions previously described (8). Four micrograms 
of nuclear extracts were incubated with 1 jig of the nonspecific com- 
petitor poly(dI-dC)(dl-dC) (Pharmacia Biotech, Piscataway, NJ) and 10 
fmol 32 P end-labeled, double stranded Cbfa binding consensus oligo- 
nucleotide (5 '-CG AGTATTGTGGTTAATACG-3'). Protein-DNA com- 
plexes were resolved in 4% nondenaturing polyacrylamide gels using 
Tris-glycine-EDTA buffer. Antibody supershift experiments contained 
polyclonal antiserum raised against a C-terminal peptide of Cbfal (38) 
or preimmune serum (control). Gels were dried and exposed to Kodak 
films (Eastman Kodak Co., New Haven, CT) at -70 C for 6-12 h. 

Western blot analysis 

Nuclear extracts (30 pig/lane) were resolved in 10% SDS-PAGE and 
electroblotted (using a semidry electroblotter; Owl Scientific Plastics, 
Cambridge, MA) onto nitrocellulose membranes (0.2 /im, Protran, 
Schleicher & Schuell, Inc., Keene, NH) according to the manufacturer's 
specifications. Western blot analyses were performed as previously de- 
scribed (8). Based on our data and those of others (35, 39-41), it is not 
possible to electrophoretically separate Runx2/Cbfal isoforms, type I 
(p56) and type II (p57), nor has it been possible to generate antibodies 
that can discriminate between these two proteins. Membranes were 
incubated at a 1:100 or 1:150 dilution of antibody in Tris-buffered saline 
containing 1% BSA. lgG-fractionated rabbit polyclonal antibody specific 
for Cbfal (38) or a mouse monoclonal antibody (16) was used in these 
studies. Membranes were incubated with secondary antibody for 45 
miri, followed by chemiluminescent detection using the enhanced 
chemi luminescence kit (Amersham Pharmacia Biotech, Arlington 
Heights, IL) according to the manufacturer's specifications. Membranes 
were exposed for 10 sec to 5 min to Amersham Pharmacia Biotech 
Hyperfilm for detection of signals. Lamin B antibody was purchased 
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). 

Northern blot analysis 

Total cellular RNA was isolated using TRIzol (Life Technologies, Inc., 
Gaithersburg, MD) according to the manufacturer's specifications. Poly- 
adenylated [poly(A) + ] RNA was isolated using an mRNA isolation kit 
(Roche, Indianapolis, IN). Ten micrograms of total RNA or 2 
po1y(A) + RNA /lane were separated in a 1% agarose-formaldehyde gel, 
transferred onto Zetaprobe membrane (Bio-Rad Laboratories, Inc., Her- 
cules, CA), and hybridized to probes specific for Cbfal exon 1 (which 
detects the N-terminal region of type H isoform; GenBank accession no. 
AF155361), a full-length cDNA, or a 266-bp BamHI-NcoI fragment of 
PEBP2aAl (GenBank accession no. D14636) that is common to all iso- 
forms. Hybridization was performed as previously described (42) in the 
presence of buffer containing 50% formamide at 42 C, and the blots were 
washed extensively in buffer containing 1 X SSC (standard saline citrate) 
and 0.1% SDS at 55 C. Data were analyzed after overnight exposure 
using a Storm 840 Phosphorlmager (Molecular Dynamics, Inc., Sunny- 
vale, CA). Ethidium bromide staining of the gels was used to assess 
equal loading of samples. 

RT and PCR 

RT was performed on total RNA using Moloney murine leukemia 
virus reverse transcriptase (Roche Molecular Biochemicals) as specified 
by the manufacturer. Total RNA (1-2 jig) was incubated at 37 C for 60 
min in the presence of deoxy-NTPs, ribonuclease inhibitor (Promega 
Corp., Madison, WI), oligo(deoxythymidine) 15 primers (Promega Corp.), 
and reverse transcriptase. For PCR, Taq polymerase (Promega Corp.) was 
used in reactions containing cDNA from the RT reactions, deoxy-NTPs, 1 
each of forward and reverse primers, and 1 rrtM MgCl 2 . The forward 
primer for the type I isoform (p56/PEBP2aAl) corresponds to the N- 
terminal end of the published cDNA sequence of this isoform (GenBank 
accession no. D14636). The forward primer for the type II (p57/til-l) isoform 
corresponds to sequences upstream of the translational start site of til-1. The 
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reverse primer is common to both isoforms. PCR amplification primers for 
Cbfal and all other genes are listed in Table 1. 

PCR was performed using a thermal controller, PTC- 100 (MJ Re- 
search, Inc., Watertown, MA) under the following conditions: 95 C for 
5 min, 94 C for 30 sec, 60 C for 30 sec, and 72 C for 30 sec, 30 cycles for 
Cbfal' (which remains in the linear range) and 15 cycles for GAPDH, 
followed by 72 C for 10 min. Samples were separated on 1% agarose gels. 
PCR products were transferred onto Hybond nylon membranes 
(Amersham Pharmacia Biotech) and hybridized at 65 C to a probe 
corresponding to the 266-bp BamHI-NcoI-digested fragment from the 
N-terminal region of Cbfal (PEBP2crAl) cDNA. Hybridized blots were 
washed at 65 C with 1 X SSC and 0.1% SDS. Data were analyzed using 
a Phosphorlmager after exposure for 2-24 h. 

Immunofluorescence 

Osteoblasts were grown on glass coverslips (Fisher Scientific, Spring- 
field, NJ) at 37 C in growth medium to 40% confluence for 24 h. Cells 
were fixed in 4% paraformaldehyde in PBS or subjected to in situ ex- 
traction of cytoskeletal and soluble chromatin proteins to reveal the 
nuclear matrix-intermediate filament scaffold (see below). Coverslips 
were processed using protocols previously described by our laboratory 
(25). 

Antibody staining was performed using an affinity-purified Cbfal 
primary antibody (38) at a dilution of 1:200 and was incubated for 1-1.5 
h at 37 C Coverslips were then incubated with a fluorescein isothio- 
cyanate (FITC)-conjugated goat antirabbit secondary antibody (1:500; 
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) and in- 
cubated for 1 h at 37 C to detect Cbfal. In situ nuclear matrexes were 
prepared as previously described (43). Briefly, cells on coverslips were 
washed in PBS and extracted twice in cytoskeletal (CSK) buffer for 15 
min each. CSK buffer contains 10 mM PIPES (pH 6.8), 100 mM NaCl, 300 
mM sucrose, 3 mM MgCl 2 , 1 mM EGTA, 0.5% Triton X-100, 1.2 mM 



phenylmethylsulfonylfluoride, and 1% vanadyl ribonucleoside com- 
plex. Deoxyribonuclease I digestion was performed twice in digestion 
buffer (CSK buffer with 50 mM NaCl) containing 100 jig/ml deoxyri- 
bonuclease I for 30 min, followed by an extraction in digestion buffer 
containing 0.25 m (NHJ2SO4 for 10 min. DNA content was evaluated by 
staining with 4',6-diamidino-2-phenylindole (DAPI; 5 jig/nil in PBS 
containing BSA and 0.05% Triton X-100). Cells were mounted in Vectash- 
ield H-1000 (Vector Laboratories, Inc., Burlingame, CA). Images were 
obtained using a CCD camera interfaced with a digital microscope 
system (Carl Zeiss, Thomwood, NY). Images were analyzed by Meta- 
morph software (Universal Imaging Corp., West Chester, PA). 

Results 

Expression of Cbfal isoforms during osteoblast growth 
and differentiation 

We previously reported an increase in Cbfal protein and 
DNA binding activity by EMSA of nuclear extracts from the 
proliferating to differentiated stages of primary rat calvarial 
osteoblast culture (8). To determine whether the increased 
DNA binding (Fig. 1A) is regulated by modulation of protein 
levels, we performed Western blot analysis (Fig. IB) with 
nuclear extracts isolated during growth and differentiation 
of primary rat osteoblasts. The Western analysis showed low 
Cbfal protein levels on d 2 and significant levels in post- 
proliferative d 14 cells. Cbfal protein level was thereafter 
moderately increased on d 20 (Fig. IB). These results were 
confirmed using different antibodies [described in Ref. 16 
and obtained from Oncogene Research Products (Boston, 



TABLE 1. Primers used for RT-PCR 



Genes and primer sequences 



Product 
length 
(bp) 



GenBank 
accession no. 



Ref. (primers) 



Cbfal (type II) 

Sense 

Antisense 
Cbfal (type I) 

Sense 

Antisense 
Rat Osteocalcin 

Sense 

Antisense 
Rat Alkaline phosphatase 

Sense 

Antisense 
Rat GAPDH 

Sense 

Antisense 
Mouse Osteocalcin 

Sense 

Antisense 
Mouse Alkaline Phosphatase 

Sense 

Antisense 
Mouse Collagen type I 

Sense 

Antisense 
Mouse Smad 1 

Sense 

Antisense 
Mouse MyoD 

Sense 

Antisense 
Mouse GAPDH 

Sense 

Antisense 



5 '-GAG GGC ACA AGT TCT ATC TG-3' 
5'-GGT GGT CCG CGA TGA TCT-3' 

5'-ATG CGT ATT CCT GTA GAT CCG AGC-3' 
5'-GGT GGT CCG CGA TGA TCT-3' 

5'-ATG AGG ACC CTC TCT CTG CTC-3' 
5'-GTG GTG CCA TAG ATG CGC TTG-3' 

5'-TGG ACG GTG AAC GGG AGA A-3' 
5'-GGC GGA AGT GAG GCA GGT AG-3' 

5'-CCA TGG AGA AGG CTG GGG-3' 
5'-CAA AGT TGT CAT GGA TGA CC-3' 

5'-TCT GAC AAA CCT TCA TGT CC-3' 
5'-AAA TAG TGA TAC CGT AGA TGC G-3' 

5'-GCC CTC TCC AAG ACA TAT A-3' 
5'-CCA TGA TCA CGT CGA TAT CC-3' 

5'-TCT CCA CTC TTC TAG TTC CT-3' 
5'-TTG GGT CAT TTC CAC ATG C-3' 

5'-CGA GTG GAG AGC CCG GTT CTC-3' 
5'-AAG CGG TTC TTA TTG TTG GAC-3' 

5'-GCA GGC TCT GCT GCG CGA CC-3' 
5'-TGC AGT CGA TCT CTC AAA GCA CC-3' 

5'-CAC CAT GGA GAA GGC CGG GG-3' 
5'-GAC GGA CAC ATT GGG GGT AG-3' 



386 AF010284 Ducy et al., 1997 (9) 



307 D14636 



293 X04141 



440 J03572 



This work 



Fleet and Hock, 1994 (61) 



Noda et al., 1987 (62) 



194 AB017801 Fleet and Hock, 1994 (61) 



198 S67455 Qu et al, 1998 (63) 



372 J02980 



Qu et al, 1998 (63) 



250 X06753 Qu et al, 1998 (63) 



519 AF033116 Dick et al., 1998 (64) 



370 M84918 



Valdez et al., 2000 (65) 



418 M32599 Qu et al, 1998 (63) 
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FIG 1. Representation of Cbfal during the growth and differentiation of fetal rat calvanal osteoblasts. A, DNA binding activity tf Cbfal, during 
osteob a^Tdifferentiation. EMSAs were performed using rat osteoblast nuclear extracts (lanes 1 and 2, d 3; lanes 3 and 4 d 14; lanes 5 and 
?dSTa probe containing the consensus Cbfa-binding site and Cbfal antiserum (38). Lanes 1 3, and 5, 

nreirnmune serum; lanes 2,4, and 6, nuclear extracts incubated with 1 ^1 Cbfal antiserum. Dried gels were exposed for 6 h. The Cbfal-contaimng 
comZx "(OSS the supershifted bands (supershift) are indicated. The graph to the right is an average of the densitometry ana ys* of 
thT Wrehifted complex. B, Cbfal-immunoreactive proteins during osteoblast differentiation. Western blots were performed using rat 
osteobK obtained from different stages of growth and differentiation (proliferating d 2, differentiating d 14, and manerahzing 

fmsSSSl The membrane was incubated with antibody as previously described (16). Similar results r« 5SS 
Meyers ol. (38) and Oncogene Research Products. Relative migration of Cbfal and lamin B to the markers is indicated. The , graph te > the ingto 
of B presents densitometric 'quantitation of the Cbfal-immunoreactive band. C, The extent of osteoblast differentiation as reflected by secreted 
osteocalcin measured by RIA for the experiments presented in A and B. 



MA)] and with different time courses. It is noteworthy that 
an additional Cbfal minor band is present in very heavily 
mineralized osteoblast cultures, perhaps indicating partial 
degradation (data not shown). At late stages of differentia- 
tion, secreted osteocalcin levels are still in the peak range 
(Fig. 1C), consistent with increased Cbfa DNA binding ac- 
tivity (Fig. 1A). Thus, the greatest increases in Cbfal cellular 
protein occur between proliferating (d 2) and differentiated 
cells (d 14). However, the changes in Cbfal protein between 
d 14 and d 20 or d 23 are less dramatic than the increase 
observed in DNA binding activity. This discordance may 
reflect posttranslational modifications in the osteoblast- 
specific complex (OBSC) that enhance Cbfal DNA binding 
activity, which can be observed in native EMSA gels, in 
contrast to the denaturing conditions of the Western analysis. 

To assess the cellular localization of endogenous Cbfal 
protein in proliferating osteoblasts, we performed in situ 



immunofluorescence analysis. Endogenous Cbfal is de- 
tected in whole cell and nuclear matrix preparations of pro- 
liferating rat osteoblasts as intense punctate staining of the 
protein(s) localized specifically in the nucleus (Fig. 2, A and 
B). Together, these results establish that all the Cbfal protein 
detected is present in the nuclei. In proliferating osteoblasts, 
Cbfal is completely localized in subnuclear domains; thus, 
the low protein levels and DNA binding activity are not 
related to partitioning between the nucleus and the 
cytoplasm. 

To determine whether the increases in the DNA-binding 
complex and protein levels by Western analyses correlated 
with increased cellular synthesis of Cbfal, Northern analysis 
was performed on RNA derived from time courses of pri- 
mary rat osteoblasts (ROB) and mouse MC3T3-E1 preosteo- 
blasts (Fig. 3). We hybridized blots of ROB total RNA (from 
d 2, 7, 11, 18, and 22; Fig. 3, A-C) with a full-length cDNA 
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A Primary Rat Osteoblasts (Whole Cell) 




Fig 2 Immunofluorescence detection of endogenous Cbfal in rat calvarial osteoblasts. Whole cell and nuclear matrix preparations of primary 
osteoblasts (d 2) were fixed in 4% paraformaldehyde, washed, and incubated with anti-Cbfal primary antibody followed by FITC-conjugated 
goat antirabbit secondary antibody as described in Materials and Methods. Representation of Cbfal in whole cells (A) and in situ nuclear matrix 
(NMIF) localization (B) at 40X {top rows) and 100X (bottom rows) are shown. Left panels, FITC-stained Cbfal; middle panels, DAPI-stained 
nuclei; right panels, differential interference contrast (DIC) image of the cells. The absence of DNA in DAPI in B indicates the complete removal 
of chromatin from nuclear matrix intermediate filament (NMIF) preparation. 

probe with the potential to recognize all the Cbfal mRNAs transcripts ranging in size from 0.6-6 kb are detected with 
(Fig. 3A), as well as with an exon 1 probe (Fig. 3B), which the full-length probe (Fig. 3A), and there is a developmental 
should specifically detect mRNAs encoding type II isoforms increase in the major transcript from growth to differentia- 
(illustrated in Fig. 4A). Our results show that multiple mRNA tion stages of rat osteoblasts. Using the exon 1-specific probe, 
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Rat osteoblasts 

Day 2 7 11 18 22 




FlG. 3. Northern analysis of Cbfal transcripts during osteoblast dif- 
ferentiation. Total cellular RNA was isolated during different stages 
of growth and differentiation from primary ROB (d 2, 7, 11, 18, and 
22; A-C) and mouse MC3T3-E1: d 4, 7, 10, 16, and 22 (E and F). RNA 
(10 jig) was electrophoretically resolved in a 1% agarose/formalde- 
hyde gel and blotted onto a nylon membrane. Hybridizations were 
performed with a full-length Cbfal cDNA probe (A) or a 460-bp probe 
corresponding to the EcoRV-BamHl fragment containing the exon 1 
sequence of Cbfal cDNA (B and Ej. The blot was analyzed in a 
Phosphorlmager after 18-h exposure. Cbfal transcripts indicated by 
arrows; 28S and 18S rRNA markers are indicated. Ethidium bromide 
staining of the same gels is shown in C and F to demonstrate the 
amount of RNA loading in each sample. D (ROB cells) and G 
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the increase in the major transcript above the 28S marker 
becomes more evident (Fig. 3B). Northern analysis of poly 
A + RNA using full-length Cbfal cDNA probe (Fig. 3D) con- 
firmed the presence of multiple transcripts and their in- 
creased expression during osteoblast differentiation. 

We also examined the developmental profile of Cbfal 
RNA expression during the differentiation of mouse osteo- 
blasts on d 4, 7, 10, 16, and 22 (Fig. 3, E-G). The MC3T3-E1 
cell line has been well characterized with respect to the stages 
of osteoblast maturation (44). Using the same exon 1-specific 
probe, we observed that type II Cbfal RNA levels increased 
from proliferating (d 4-7) to postproliferative (d 10) and 
mineralizing (d 16-22) MC3T3-E1 cultures. However, con- 
sistent with other time courses, we observed a modest de- 
cline after d 22 when the matrix was heavily mineralized in 
the mouse cell cultures. Other mRNAs (e.g. osteocalcin) also 
declined. Northern blot analysis of poly(A) + RNA with a 
full-length cDNA probe (Fig. 3G) confirmed our findings that 
multiple Cbfal transcripts are expressed, similar to total cel- 
lular RNA in mouse osteoblasts (Fig. 3E). Thus, the cellular 
levels of Cbfal transcripts that are derived from exon 1 in- 
crease in expression and are dramatically up-regulated dur- 
ing the onset of differentiation in both calvarial rat and 
mouse osteoblasts (Fig. 3, H and I, summary of data from 
several time courses). 

To further confirm the specific development patterns of 
expression of the Cbfa type I and type II transcripts during 
osteoblast differentiation, we performed RT-PCR analysis 
with primers (shown in Table 1) specific for exon 1 or exon 
2 (Fig. 4). Semiquantitative RT-PCR of mRN A from primary 
rat osteoblasts (Fig. 4B) and mouse MC3T3 cells (Fig. 4C) 
indicated that transcripts of both Cbfal isoforms were de- 
tected throughout the courses of osteoblast differentiation. 
Although the mRN A encoding type I was constitutively ex- 
pressed from growth to mineralization stages, the type II 
encoded transcript increased postproliferatively from d 2 to 
14 /d 23 in rat osteoblasts (Fig. 4, B and C) and from d 7 to 
d 10/d 16 in MC3T3E1 cells (Fig. 4D). Notably, we observed 
a decline in representation of the type II isoform in heavily 
mineralized mouse osteoblasts (d 22; Fig. 4, D and E), con- 
sistent with Northern blot analyses (Fig. 3, E and G). We 
confirmed the specificity of the rat osteoblast RT-PCR prod- 
ucts (visualized in agarose gels) by Southern hybridization 
with a Cbfa 1-specific cDNA probe (described in Materials and 
Methods; Fig. 4B, right panel). For comparison, osteoblast phe- 
notypic markers alkaline phosphatase (ALP) and OC are 
shown to reflect osteoblast differentiation, and as expected, 
the housekeeping gene glyceraldehyde-3-phosphate dehy- 
drogenase (GAPDH) is constitutive. Taken together, these 
results show constitutive expression of type I and develop- 



(MC3T3E1 cells), Northern blot analyses of poly(A) + RNA from a 
different time course (the indicated days are shown) to verify the 
multiple transcripts and developmental changes during osteoblast 
differentiation observed with total cellular RNA. The full-length 
Cbfal probe was used for hybridization. H (ROB) and I (MC3T3E1) 
summarize the combined expression of the major Cbfal transcripts 
during osteoblast differentiation [uppermost two arrows in B <rat) and 
D (mouse) in three different time courses]. The values from indepen- 
dent time courses (n = 4, ROB; n = 3, MC3T3) are plotted as the 
percent maximal expression in each time course. 
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Fig. 4. Expression of Cbfal transcripts during growth and differentiation of rat osteoblasts. A, Runx2/Cbfal gene organization, indicating the 
derivation of the principal N- terminal isoforms. Schematic illustration of exons 1-8 that comprise the Cbfal gene and the exon origin of the 
Cbfal isoforms p57 (MASNS), type II and p56 (MRIPV), or type I. Exon 1 shows the ATG1 start site for the type II isoform (til-1) (14), starting 
with the sequence MASNS, and exon 2 contains the start site of type I isoform (PEBP2aAl) (17), starting with the sequence MRIPV. The solid 
black exons denote the runt homology DNA binding domain (RHD); NMTS designates the location of the 31-amino acid nuclear matrix-targeting 
signal (43). The conserved VWRPY motif at the extreme C-terminal region of Cbfal gene is indicated. B, Total RNA from primary rat osteoblasts 
(proliferating d 2, postproiiferative d 14, and differentiated in a mineralizing matrix d 23) were reverse transcribed followed by PCR amplification 
using Cbfal type II and type I isoform-specific primers and separated in 1% agarose gels as described in Materials and Methods, Rat ALP and 
rat OC expression are shown for reference. The rat GAPDH transcript indicates equal loading of samples. Cbfal type II and type I RT-PCR 
products were further confirmed by Southern hybridization: shown in panels on the right (see Materials and Methods). C, Graphic representation 
of the developmental expression of the type II Cbfa 1 isoform in ROB cells. Data from two different time courses are plotted as the percent maximal 
expression from quantitative densitometric analysis of Southern blots of the RT-PCR products. Values are the mean ± sb. D, RT-PCR performed 
on MC3T3 cell-derived total RNA from proliferating through differentiated stages (d 7, 10, 16, and 22) as indicated. PCR amplification was 
performed using type II and type I isoform-specific primers and separated on a 1% agarose gel as described in Materials and Methods. Mouse 
GAPDH serves as a control for equal loading, and OC was used as reference for differentiation. E, Graphic representation of the developmental 
expression of the type II Cbfal isoform in differentiating MC3T3-E1 cells. Calculations are the same as those described in C. 



mental and preferential expression of type II in final stages 
of osteoblast differentiation Thus, it appears that the two 
isoforms together account for Cbfal protein levels by EMS A, 
Western, and immunofluorescence analyses. 

To ascertain the tissue specificity of Cbfal type I and II 
isoforms, we examined their expression in nonosseous or- 



gans and primary cultures of cells from soft tissues of the 
newborn mouse. We examined total cellular RNA from four 
organs, liver, lung, muscle, and skin, and the primary cells 
cultured to confluence (Fig. 5). The type I isoform, but not the 
type II isoform, was present in primary cell cultures as well 
as in RNA from the tissues. The RT-PCR product for the type 



Banexjee et al • Selective Regulation of Cbfal Type I and Type II Isoforms 

I isof orm was consistently detected at very low levels in liver 
tissue, but at significant levels in the mesenchymal tissues, 
particularly skin. Thus, the Cbfal type I isoform, which was 
shown to be present in thymus and spleen (1, 20), appears to 
be more ubiquitously expressed than previously appreciated. 

Functional analyses of type I and type II isoforms 

The type I and type II isoforms each have distinct N- 
termini (Fig. 4) regulated by distinct promoters and the N- 
terminus of the type II isoform is 15 amino acids longer. 
However, the functional consequences of these molecular 
differences have not been unequivocally established. To as- 
sess the transcriptional activities of the type II and type I 
isoforms, we performed transient cotransfection studies with 
these two isoforms and a panel of bone-related Cbfa-respon- 
sive target genes (e.g. OC, TGF0-RI, and bone sialoprotein). 
Transfections were performed with osteoblastic ROS 17/2.8 
cells (Fig. 6B) and HeLa cells that do not contain Cbfal (Fig. 
6A). In both cell types we observed that type I and type II 
isoforms activated the OC and TGF-/3RI promoters by 4- to 
8-fold and repressed bone sialoprotein promoter activity by 
4- to 8-fold. No statistically significant differences were ob- 
served in the activation or repression potential of the two 
isoforms, and both transfected proteins were expressed at 
similar levels (Fig. 6C). The similarities in transcriptional 
results for both isoforms suggest that the 15-amino acid ex- 
tension of the type II isoform does not contribute to activation 
or repression of transcription. Our results demonstrate that 



Type II 




Fig. 5. Cbfal type I isoform, but not type II isoform, is present in 
mesenchymal tissues. RT-PCR for Cbfal isoforms in primary cultures 
of cells from the tissues indicated (A) and mouse tissues (B). The 
primers used are shown in Table 1, and the conditions for RT-PCR are 
described in Materials and Methods. GAPDH is shown for control 
levels. 
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the type I and type II isoforms have nearly equivalent tran- 
scriptional activities. 

Cbfal type I and type II isoforms are both expressed in 
skeletal progenitor cells and are differentially regulated 
by BMP-2 

The presence of significant levels of Cbfal protein in pro- 
liferating osteoblasts, which are precommitted cells derived 
from calvarial bone, led us to assess whether the Cbfal gene 
is expressed at earlier stages of osteoblast development. We 
examined cellular Cbfal protein levels in the skeletal pro- 
genitor cells MLB13 MYC clone 14 and MLB13MYC clone 17 
(32) derived from mouse limb bud. MLB13MYC clone 14 
represents an undi ffrrrnthtnH nnriy rVrl gtal proftenitorj hat— , 
differentiates into chondrobla sts and then into osteobla sts in _ 
response to BMP-2? IvlLBliMiL ClUltti 17 mpnubUllb J pT^ 
chondroblast cell line that directly differentiates into osteo- 
blasts after BMP-2 treatment. Cbfal proteins were initially 
analyzed by whole cell in situ immunofluorescence micros- 
copy. In both cell lines, endogenous Cbfal proteins were 
detected throughout the cell layer and exhibited intense 
punctate FITC staining in the nucleus (Fig. 7, A and B). Thus, 
Cbfal proteins are uniformly and highly expressed in these 
endochondral skeletal cells, which are not yet committed to 
the osteoblast lineage. 

The presence of Cbfal proteins in early mesenchymal pro- 
genitor cells suggests that it may have an important role in 
early stages of lineage commitment, but our data do not 
discriminate whether one or both Cbfal isoforms are ex- 
pressed. Therefore, we examined representation of Cbfal 
type I and type II transcripts in these two cell lines after 
BMP-2-induced osteoblast differentiation. Semiquantitative 
RT-PCR analyses (Fig. 8A) showed that both type I and type 
II transcripts were detected at low levels in the clone 14 and 
clone 17 cells before BMP-2 treatment, when cell phenotype- 
specific markers are not expressed (e.g. mALP and mOC). 
BMP-2 treatment for 48 h significantly enhanced the expres- 
sion of the type II transcript, but not the type I transcript, in 
both cell lines. In parallel, expression of bone phenotype 
transcripts mOC and mALP increased with BMP-2 treat- 
ment, indicating differentiation of the skeletal progenitor 
cells, whereas expression of the housekeeping gene mouse 
GAPDH remained constant. Hence, our data clearly show 
selective up-regulation of the type II isoform along with 
onset of expression of bone phenotypic markers. 

To evaluate whether up-regulation of type II expression 
after BMP-2 treatment increased Cbfal DNA binding activ- 
ity, we analyzed nuclear extracts from these two skeletal 
progenitor cells for formation of DNA binding complexes 
with the Cbfal consensus binding site as the probe. EMSAs 
coupled with Cbfal antibody supershift assays demonstrate 
that both of these cell lines form Cbfal-containing DNA 
binding complexes (Fig. 8B). Treatment of cells with BMP-2 
substantially increased the Cbfal protein-DNA complex. 
This result parallels the observed increase in the type II 
transcript in differentiated rat and mouse osteoblasts de- 
tected by RT-PCR (Fig. 4). Thus, these biochemical studies 
reveal that Cbfal proteins are expressed in very early stage 
mesenchymal progenitors, before their differentiation into 
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Fig. 6. Activity of Cbfal isoforms on 
promoters of genes expressed in osteo- 
blasts. A, Transfections were performed 
in HeLa cells that do not endogenously 
express Cbfa factors. The cells were 
plated in six-well plates and transiently 
cotransfected with expression vector for 
type I or type II isoforms (750 ng/well) 
together with either 2.5 jug/well 1.1 kb 
OC promoter <OC), 1.6 kb TGF-/3RI, or 
0.6 kb bone sialoprotein promoter (BSP) 
fused to the luciferase reporter gene. 
The fold activation for OC and TGF-0RI 
and the fold repression for BSP are 
shown for n = 6. B, Rat osteosarcoma 
ROS 17/2.8 cells were transiently trans- 
fected as described for HeLa cells. Fold 
activation or repression for. six values 
are shown. C, Western analyses shows 
Cbfal protein expression in HeLa cell 
lysates (30 /ig protein) harvested 24 h 
after transfection with either the type II 
or type I Cbfal isoforms and compared 
with tubulin as a control. 
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the osteoblast phenotype. The enhanced expression of the 
type H transcript in response to BMP-2 correlates with in- 
creased DNA binding activity that parallels induction of 
osteoblast differentiation by BMP-2. 

BMP-2 induces selective expression of the type II Cbfal 
isoform during osteogenic differentiation of myogenic 
progenitor C2C12 cells 

The presence of Cbfal type II isoform in endochondral 
progenitor cells suggests that expression of the type II iso- 
form precedes cellular commitment to osteoblasts and/ or is 
a marker for cells destined to differentiate into bone cells. To 
address this question, we examined the C2C12 cell model, a 
premyoblastic cell line of mesenchymal origin, because mus- 
cle cells lack expression of Cbfal type II isoform (Fig. 5), and 
the C2C12 line is capable of frans-differentiating into the 
osteoblast lineage in response to BMP-2 (33). We used RT- 
PCR to assess expression of the Cbfal type I and type II 
isoforms in the myoblast stage and during BMP-2-induced 
osteoblast differentiation (Fig. 9). These studies were carried 
out in 5% serum, which supports myogenesis, and 10% se- 
rum, which favors osteogenic differentiation. In parallel, cells 
were also analyzed in the presence of charcoal treated FBS 
(stripped serum). Figure 9 demonstrates that expression of 
the type II isoform was not detected in control C2C12 cells 
cultured in either 5% or 10% serum (regular or stripped). 
Interestingly, after 48 h of treatment with BMP-2, we ob- 
served a significant increase in expression of the type II 
transcript in cultures grown in either 5% or 10% serum, 
although the increase was greater in 10% serum. Notably, the 
type I transcript was expressed in the C2C12 cell line before 
treatment with BMP-2 (see control lanes). Expression of type 
I did not significantly differ between control and BMP-2- 



rreated cells in either 10% or 5% serum in repeated studies; 
however, in stripped serum, BMP-2 stimulated the type I 
RT-PCR product. This finding indicates that factors present 
in regular serum may influence the expression of this iso- 
form. As expected, the expression of myogenic MyoD was 
suppressed by BMP-2 in cultures supplemented with either 
5% or 10% serum. This down-regulation of MyoD with 
BMP-2 treatment occurred concomitant with induction of the 
osteoblast marker OC, whereas Smad 1, a downstream target 
of the BMP-2 signaling pathway, showed no appreciable 
change in expression, as expected (45). Together, these re- 
sults demonstrate that the expression of Cbfal type II isoform 
is induced with onset of the osteoblast phenotype (that is, 
expressing OC), whereas the type I isoform is expressed in 
mesenchymal progenitors and is not restricted to skeletal 
tissues. 

Discussion 

Although genetic studies have shown that Cbfal is essen- 
tial for bone formation (3-5), these approaches did not dis- 
tinguish the biological roles of the two different N-terminal 
isoforms of Cbfal in transcriptional control of osteoblast 
differentiation. In this study we have characterized the ex- 
pression pattern of each of the major N-terminal isoforms in 
models of osteogenic differentiation. Our findings can be 
summarized as follows. First, the type I isoform is expressed 
before the type II; second, type I transcript expression is 
ubiquitous and constitutive in both nonosseous and mesen- 
chymal cells and during all stages of osteoblast differentia- 
tion; and third, a developmental increase in type II transcript 
expression occurs during differentiation of primary osteo- 
blasts and after BMP-2 mediated differentiation of progen- 
itor cells. We propose that the Cbfal type I isoform represents 
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Fig 7 Cellular levels of Cbfal proteins in mouse marrow-derived progenitor cell lines. Cells were fixed with 4% paraformaldehyde, washed 
a ■ K«ili PMV.1 nrimarv antibodv followed bv FITC-conjugated goat antirabbit secondary antibody as described in Materials and 

axe Sown 2S. Cbfal expression is shown in the left panels; DAPI staining of nucleus (middle panels) and d.fferential interference 
contrast (DIC) (right panels) images for both fields are shown. 
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Fig. 8. Detection and BMP-2 regulation of Cbfal isoforms in early mouse progenitor cells. A, RT-PCR analysis of Cbfal transcripts. MLB13MYC 
clone 14 and MLB13MYC clone 17 cells with or without 48-h BMP-2 treatment (100 ng/ml) were harvested on d 7. Total RNA isolated from 
untreated (Control) and treated (BMP-2) cells were reverse transcribed, followed by PCR amplification using type I and type II Cbfalisoform- 
specific primers (Table 1) as described in Materials and Methods, For type I and type II Cbfal, PCR products were hybridized with Cbfal cDNA 
(lower panels) to indicate the specificity of the reaction products. Mouse OC (mOC), mALP, and mouse collagen I (mCollI) are used as reference 
for osteoblast differentiation and equal sample loading represented by mGAPDH. B, BMP-2 increases the DNA binding activity of Cbfal in 
skeletal progenitor cells. EMSA nuclear extracts obtained from skeletal progenitor cell lines MLB13MYC clone 14 and MLB13MYC clone 17 
were incubated with anti-Cbfal antiserum in binding reactions using a probe containing the consensus Cbfa binding site. Lanes 1 and 2, Nuclear 
extracts from untreated control cells; lanes 3 and 4, nuclear extracts from cells treated 48 h with BMP-2 (100 ng/ml). Reactions in lanes 2 and 
4 were incubated with Cbfal antiserum (38). Dried gels were exposed for 12-16 h. The OBSC and the Cbfal supershifted bands (supershift) 
are indicated. 



a marker of early stage stromal mesenchymal cells, and that 
type II isoform defines a cell that has the potential for com- 
mitment to the osteoblast lineage. Our data also suggest that 
Cbfal contributes to gene regulation for osteoblast differen- 
tiation through multiple levels of control. 

The intricate regulatory pattern of Cbfal isoform expres- 
sion is generated at least in part by utilization of alternative 
ATG start codons located in different exons and transcribed 
from two distinct promoters (11, 14, 19). We detected at least 
two major long transcripts and several minor shorter tran- 
scripts by Northern analysis using the full-length Cbfal 
cDNA as probe. Different mRNA variants, which represent 
utilization of the two promoters as well as alternative splic- 
ing and exon skipping (11, 14, 19), have been documented for 
other Cbfa factors (12, 46). Cbfa2, a key determinant for 
hemopoiesis (47), is also encoded by multiple transcripts 
produced through alternate promoter usage and exon skip- 
ping (46). Interestingly, alternatively spliced smaller tran- 
scripts of the Cbfal type II form are predominant in the testis 
(48). Differential regulation by two alternative promoters has 
also been observed for other genes. The human c-src gene (49) 
and the rat bone/liver/kidney/placenta ALP gene (50) each 
contain two alternative promoters and associated exons that 
splice to a common downstream exon, resulting in identical 
coding regions with different 5 '-ends. Also, tissue-specific 
expression of the c-myc gene in Xenopus is controlled by two 
differentially regulated promoters (51). The expression of 



Cbfal variants from distinct promoters represents a versatile 
mechanism for temporal and cell-type specific control of 
Cbfal activity during development and for responsiveness to 
osteogenic factors during bone formation. 

The results from our studies as well as those of others have 
indicated that there is considerable complexity in the ex- 
pression, molecular characteristics, and biological roles of 
Cbfa proteins (1, 2, 11, 18, 24). Our studies show that Cbfa- 
dependent gene regulation involves transcriptional control 
of Cbfal, cellular levels of the protein, and posttranslational 
formation of multiple Cbfal-containing protein-DNA com- 
plexes. Northern blot and RT-PCR analyses of total cellular 
RNA from primary rat osteoblasts and mouse MC3T3E1 cells 
revealed increased type II RNA during progressive devel- 
opment of the osteoblast phenotype. The developmental in- 
crease in type II mRNA is paralleled by a similar increase in 
Cbfal protein and DNA binding activity of the osteoblast- 
specific Cbfal-containing complex during early stages of 
mature osteoblast differentiation. However, there is a decline 
in type II expression in heavily mineralized stages of mouse 
MC3T3 osteoblasts. This decrease may be due to autoregu- 
lation of Cbfal (13) or may result from apoptosis of cells in 
vitro. A decline in Cbfal mRNA levels has been observed 
during cellular aging of human trabecular osteoblasts (52). 

Although it is not possible to correlate specific transcripts 
with proteins identified by antibodies (by Western or gel shift 
analyses), our data indicate that transcription of Cbfal is rate 
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Fig. 9. Detection of Cbfal transcripts and protein in mesenchymal 
C2C12 cells. C2C12 cells were grown for 3 d in 5% or 10% serum 
(regular or stripped serum) and then supplemented with 300 ng/ml 
BMP-2 for 48 h. Total RNA from these cultures were used to perform 
semiquantitative RT-PCR using type I and type II Cbfal primers 
(Table 1) as described in Materials and Methods. Blots were hybrid- 
ized to Cbfal-specific cDNA probe to indicate the specificity of the 
reaction products. MyoD, Smad 1, mouse OC (phenotypic markers), 
as well as mouse GAPDH (for quantitation purposes) were reverse 
transcribed, followed by PGR using the primers listed in Table 1. 

limiting for cellular protein and DNA binding activity from 
the immature osteoblast stage (proliferating) to postprolif- 
erative differentiated cellsi However, we demonstrate a dis- 
cordance between expression and protein levels relative to 
DNA binding in mature osteoblasts only after d 14/d 16. We 
suggest that Cbfal cellular protein is rate limiting for 
formation of the DNA binding complex in early stage os- 
teoblasts (d 2-14), whereas in late stage osteoblasts, protein- 
protein interactions or the known posttranslational modifi- 
cations of Cbfal may contribute to enhanced DNA binding 
activity. Indeed, studies have shown that phosphorylation by 
MAPK pathways plays a role in regulation of Cbfal tran- 
scriptional activity (53). Alternatively, the more significant 
increase in DNA binding occurring in mature osteoblasts 
may involve Cbfal interactions with numerous coregulatory 
proteins (2, 25). Posttranscriptional regulation or protein- 
protein interactions with cell type-specific cofactors may also 
play a major role in tissue-specific expression and activity of 
the Cbfal isoforms. Thus, the significant increase in Cbfal 
DNA binding activity in mature osteoblasts indicates that 
Cbfal-interacting proteins may contribute to the regulation 
of a broad spectrum of genes in osteoblasts and other cell 
types (25, 26). 

Previous in vivo studies have documented that during 
embryonic development and fracture repair, Cbfal is ex- 
pressed in mesenchymal cell condensations of the early de- 
veloping mouse (embryonic day 10) skeleton (3-7, 9, 10, 54). 
Cbfal is present in abundant levels in thymus and T and B 
cells (17, 55) and is also detected in stromal populations 
derived from human and mouse bone marrow (56), repre- 
senting both fully differentiated and intermediate preosteo- 



blastic cells (57), as well as in nonosteogenic clonal colonies 
(58). The significance of our findings relative to those of 
previous studies is that we have clearly distinguished the 
expression patterns of Cbfal type I and type II transcripts 
during commitment and development of the osteoblast phe- 
notype. We demonstrate the presence of the Cbfal type I 
isoform in nonosseous cells of mesenchymal origin and con- 
stitutive expression in uninduced skeletal progenitors and 
early stage proliferating osteoblasts that do not yet express 
genes reflecting mature osteoblasts (e.g. bone sialoprotein, 
ALP, and OC) (31, 32, 44). Thus, our studies show that the 
type I isoform is expressed ubiquitously among cells of mes- 
enchymal origin. We suggest that the Cbfal type I isoform 
appears in early stages of fetal development to provide plu- 
ripotent stem cells with the option for commitment to the 
mesenchymal lineage. 

We have provided novel evidence to support the concept 
that p57/type II isoform of Cbfal is specifically related to 
osteogenic commitment and differentiation, because the type 
II transcript is selectively up-regulated by BMP-2 and during 
development of the osteoblast phenotype. Interestingly, we 
have examined 3 kb of the Cbfal type II promoter (13) for 
BMP-2 responsiveness, and under the conditions of these 
experiments in which endogenous mRNA and protein are 
increased, BMP-2 did not mediate a change in the activity of 
this segment of the promoter (unpublished observations). 
Our finding that the Cbfal type II isoform is selectively 
induced during BMP-2-mediated osteogenesis in skeletal 
progenitor cells and nonosseous mesenchymal C2C12 cells 
clarifies the differences reported in other studies. Gori et al 
(29) showed up-regulation of Cbfal in response to BMP-2 in 
immortalized marrow stromal osteoprogenitor cells that al- 
ready expressed osteoblast phenotypic markers (59). An- 
other study showed that Cbfal mRNA is unaffected by 
BMP-2 treatment in both skeletal and nonskeletal cells, 
whereas BMP-4/-7 treatment up-regulates Cbfal expression 
in the same cells (21). Thus, future studies must consider 
interpretation of results within the context of a particular 
BMP, the cell type, and the specific Cbfal isoform. 

In summary, our studies demonstrate expression of the 
p56/type I isoform of Cbfal in a spectrum of nonosseous, 
pluripotent, and committed osteoprogenitor cells before 
expression of the p57 type II isoform. We observe the reg- 
ulated expression of the p57/type II isoform in committed 
osteoprogenitor cells and in osteoblasts as well as after BMP- 
2-mediated osteoblastic induction of stromal cells or trans- 
differentiation of C2C12 cells. The data indicate that BMP2- 
mediated induction of the Cbfal type II isoform through 
utilization of promoter 1 is critical for differentiation to os- 
teoblasts. Our comparative expression studies indicate that 
although the two N-terminal isoforms are differentially ex- 
pressed, they have functionally equivalent transcriptional 
activity on promoters in both osseous and nonosseous cell 
lines. Recent studies in vivo support this concept (60). Thus, 
the timing of expression of each Cbfal isoform, perhaps in 
conjunction with responses to BMPs in different subpopu- 
lations of cells during specific stages of bone development, 
must be an important component of the mechanism by which 
Cbfal regulates osteogenesis. 
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In 1993, 526,000 Americans died of can- 
cer—about 1400 people a day— even 
though conquering cancer became a na- 
tional goal in December, 1971, now more 
than 22 years ago. Though tens of thou- 
sands of skilled scientists have been wag- 
ing war against cancer in their laboratories 
for a generation, spending billions of tax, 
charitable, and investor dollars, the dread 
disease remains a metaphor for anything evil in soci- 
ety that spreads. The human statistics should be an 
issue of the most profound concern to the cancer 
industry because they are the only true measure of its 
performance, and the statistics remain very grim. 

Why don*t we have a cancer cure by now? The 
answer, in my opinion, is basic and essentially simple: 
The cell lines in which cancer is usually studied are 
unsuitable for the job. They do not mimic conditions 
in the human body. 

The cancer industry has ignored the limitations of its 
most important piece of material — lis favorite mod- 
el—because "Nobody likes to ask if a model is really 
correct . . /'(Francis Crick, What Mad Pursuit, 1988, 
Basic Books, New York, p. 161). More than 40 years 
ago, these long-term cell cultures began their careers 
as stand-ins for real cancer based only on investigator 
faith in their reliability. Because they are so conve- 
nient for experimentation and the methods of molec- 
ular biology, cell lines today have become the stan- 
dard for determining what cancer should be like. Hie 
facts indicate, however, that petri dish cancer is really 
a poor representation of malignancy, with character- 
istics profoundly different from the human disease. 
When a normal or malignant body cell survives a 
crisis period and adapts to immortal life in culture, it 
takes an evolutionary-type step that enables the new 
line to thrive in its artificial environment This step 
transforms a cell from one that is stable and differen- 
tiated to one that is not. Yet normal or malignant cells 
in vivo are not like that Uiis means that ceU lines are 
really a new life form on Earth, neither human nor 
animal. Evidence of the contradictions between life 
on the bottom of a lab dish and in the body has been 
in the scientific literature for more than 30 years, 
evidence that has been systematically ignored by the' 
cancer establishment 

Studies of human and animal cancer have shown 
that only differentiating, aging cells in organs are 
susceptible to cancer. Data from undifferentiated, 
ageless "normal^ cell lines-like 3T3 in which the 
pathways thai are struck by cancer, those of develop- 



ment and aging, axe absent — cannot be relevant to 
cancer initiation in humans. 

The widely disparate character of human tumor 
cell lines contributes "greatly to chemotherapy's 
continued ineffectiveness against cancer New drugs 
are selected for human trials because they kill tumor 
cell lines in the laboratory. 

Surgical pathologists, the specialists who diag- 
nose cancer, have long recognized that cancer cells 
are just misbehaving body cells. In other words, the 
immune system registers self when confronted by a 
malignant cell. This means that several decades of 
highly publicized* well-funded research on irnrau- . 
... nptherapy has produced only mice that are cured of 
their cell line tumors. . \ : . <i ---rf 

The standard approach of most cancer scientists to 
experimentation produces little of practical value 
because it is flawed. Typically, an observation is first 
made in culture, then the investigator turns to human 
cancer. If the observation is duplicated, papers are 
wrmenabout the significant find. But, if you look long 
and hard enough in vivo you will always find what you 
seek. For example, there may be a rare human tumor 
that is immunogenic, but this is just the exception that 
proves the rule. There are human tumors in which a 
proto-oncogene is mutated, but there are others of the 
same type in which it is not. What is significant in 
culture, for example immunotherapy's killing power 
or the transformation of 3T3 cells by a mutated proto- ' 
oncogene, simply does not have the same signifi- 
cance for cells in vivo. Instead of this approach, 
models that mimic the human body and the develop- 
mental pathways of human cells, both normal and 
malignant, should be first identified. Only then will 
truly significant observations be made. 

How cancer is,defined today depends on what cours- 
es have been taken, what books have been read, which 
journals have been studied, and what research training 
and practice have been followed The result is confu- 
sion. An unnatural condition created in the laboratory 
is being mistaken for human cancer. 

Every year, for as long as I can remember, cancer 
scientists and cancer physicians have met during the 
same week, under one roof, at overlapping conferenc- 
es- ^ey no longer will do so. This year, the American 
Association for Cancer Research and the American 
Association of Clinical Oncology begin meeting sep- 
arately. The new meeting policy, initiated by the 
researchers, is as open an admissionas one is likely to 
get from them that they really haven't been interested 
in the real world for a long time. /// 
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Quantity 

A major limitation of cell culture is the expenditure 
of effort and materials that goes into the production of 
relatively little tissue. A realistic maximum per batch 
for most small laboratories (2 or 3 people doing tissue 
culture) might be 1-10 g of cells. With a little more 
effort and the facilities of a larger laboratory, 10-100 
g is possible; above 100 g implies industrial pilot plant 
scale, beyond the reach of most laboratories, but not 
impossible if special facilities are provided. 

The cost of producing cells in culture is about ten 
times diat of using animal tissue. Consequently, if 
large amounts of tissue (>10 g) are required, the 
reasons for providing them by tissue culture must be 
very compelling- For smaller amounts of tissue (^10 
g), the costs are more readily absorbed into routine 
expenditure; but it is always worth considering whether 
assays or preparative procedures can be scaled down. 
Semimiero- or micro-scale assays can often be quicker 
due to reduced manipulation times, volumes, centri- 
fuge times, etc. and are often more readily automated 
(see under Microtitration, Chapter 19), 

Instability 

This is a major problem with many continuous cell 
lines resulting from their unstable aneuploid chromo- 
somal constitution. Even with short-term cultures, al- 
though they may be genetically stable, the heterogeneity 
of the cell population, with regard to cell growth rate, 
can produce variability from one passage to the next. 
This will be dealt with in more detail in Chapters 12 
and 18. 

MAJOR DIFFERENCES IN VITRO 

Many of the differences in cell behavior between 
cultured cells and their counterparts in vivo stem from 
the dissociation of cells from a three-dimensional ge- 
ometry and their propagation on a two-dimensional 
substrate. Specific cell interactions characteristic of 
the histology of the tissue are lost, and, as the cells 
spread out, become mobile and, in many cases, start 
to proliferate, the growth fraction of the cell popula- 
tion increases. When a cell line forms it may represent 
only one or two cell types and many heterotypic inter- 
actions are lost. 

The culture environment also lacks the several sys- 
temic components involved in homeostatic regulation 
in vivo, principally those of the nervous and endocrine 
systems. Without this control, cellular metabolism may 



be more constant in vitro than in vivo, but may not be 
truly representative of the tissue from which the cells 
were derived. Recognition of this fact has led to the 
inclusion of a number of different hormones in culture 
media (see Chapter 9) and it seems likely that this 
trend will continue. 

Energy metabolism in vitro occurs largely by glyco- 
lysis, and although the citric acid cycle is still func- 
tional it plays a lesser role. 

It is not difficult to find many more differences 
between the environmental conditions of a cell in vitro 
and in vivo and this has often led to tissue culture being 
regarded in a rather skeptical light. Although the exist- 
ence of such differences cannot be denied, it must be 
emphasized that many specialized functions are ex- 
pressed in culture and as long as the limits of the model 
are appreciated, it can become a very valuable tool. 

Origin of Cells 

If differentiated properties are lost, for whatever 
reason, it is difficult to relate the cultured cells to 
functional cells in the tissue from which they were 
derived. Stable markers are required for characteriza- 
tion (see Chapter 15); and in addition, the culture 
conditions may need to be modified so that these mark- 
ers are expressed (see next chapter). 

DEFINITIONS 

There are three main methods of initiating a culture 
[Schaeffer, 1979] (see Glossary and Fig. 1.2): (1) Or- 
gan culture implies that the architecture characteristic 
of the tissue in vivo is retained, at least in part, in the 
culture. Toward this end, the tissue is cultured at the 
liquid/gas interface (on a raft, grid, or gel) which 
favors retention of a spherical or three-dimensional 
shape. (2) In primary explant culture a fragment of 
tissue is placed at a glass (or plastic)/liquid interface 
where, following attachment, migration is promoted 
in the plane of the solid substrate. (3) Cell culture 
implies that the tissue or outgrowth from the primary 
explant is dispersed (mechanically or enzymaticaliy) 
into a cell suspension which may then be cultured as 
an adherent monolayer on a solid substrate, or as a 
suspension in the culture medium. 

Organ cultures, because of the retention of cell inter- 
actions as found in the tissue from which the culture 
was derived, tend to retain the differentiated properties 
of that tissue. They do not grow rapidly (cell prolifer- 
ation is limited to the periphery of the explant and is 
restricted mainly to embryonic tissue) and hence cannot 
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be propagated; each experiment requires fresh explan- 
ations and this implies greater effort and poorer sam- 
ple reproducibility than with cell culture. Quantitation 
is, therefore, more difficult and the amount of material 
that may be cultured is limited by the dimensions of 
the explant 1 nun 3 ) and the effort required for dis- 
section and setting up the culture. 



However, it must be emphasized that organ cultures 
do retain specific histological cell interactions without 
which it may be difficult to reproduce the characteristic 
cell behavior of the tissue. 

Cell cultures may be derived from primary explains 
or dispersed cell suspensions. Because cell prolifera- 
tion is often found in such cultures, propagation of cell 
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lines becomes feasible. A monolayer or cell suspen- 
sion, with a significant growth fraction, may be dis- 
persed by enzymatic treatment or simple dilution and 
reseeded, or subcultured, into fresh vessels. This con- 
stitutes a "passage" and the daughter ^cultures so 
formed are the beginnings of a "cell line. " 

The formation of a cell line from a primary culture 
implies (1) an increase in total cell number over several 
generations, (2) that cells or cell lineages with similar 
high growth capacity will predominate, resulting in (3) 
a degree of uniformity in the cell population. The line 
may be characterized, and those characteristics will 
apply for most of its finite lifespan. The derivation of 
"continuous" (or "established'* as they were once 
known) cell lines usually implies a phenotypic change 
or "transformation" and will be dealt with in Chapters 

2 and 16. . 

When cells are selected from a culture, by cloning 
or some other method, the subline is known as a "cell 
strain." Detailed characterization is then implied. Cell 
lines may be propagated as an adherent monolayer or 
in suspension. Monolayer culture implies that adher- 
ence to the substrate is an integral part of survival and 
subsequent cell proliferation and is the mode of culture 
common to most normal cells with the exception of 
mature hemopoietic cells. Suspension cultures are de- 
rived from cells which can survive and proliferate 
without attachment; and this property seems to be 
reserved for hemopoietic cells, transformed cell lines, 
or cells from malignant tumors. It can be shown, 
however, that a small proportion of cells exists in 



many normal tissues, capable of proliferation tn sus- 
pension (see Chapter 16). The identity of these cells 
remains unclear, but a relationship to the stem cell or 
uncommitted precursor cell compartment has been 
postulated. This concept implies that some cultured 
cells represent precursor pools within the tissue of 
origin, and the generality of this observation will be 
discussed more fully in the next chapter. Are cultured 
cell lines more representative of precursor cell com- 
partments in vivo than of fully differentiated cells, 
bearing in mind that most differentiated cells do not 
normally divide? 

Because, they may be propagated as a uniform cell 
suspension or monolayer, cell cultures have many ad- 
vantages in quantitation, characterization, and repli- 
cate sampling, but lack the potential for cell-cell 
interaction and cell-matrix interaction afforded by or- 
gan cultures. For this reason many workers have at- 
tempted to reconstitute three-dimensional cellular 
structures using aggregated cell suspension ("sphe- 
roids") or perfused high-density cultures (such as Vi- 
tafiber, Amicon) (see Chapter 21). In many ways some 
of the more exciting developments in tissue culture 
arise from recognizing the necessity of specific cell 
interaction in homogeneous or heterogeneous cell pop- 
ulations in culture. This may mark the transition from 
an era of fundamental molecular biology, where the 
regulatory processes have been worked out at the cel- 
lular level, to an era of cell or tissue biology where 
this understanding is applied to integrated populations 
of cells. 
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INTRODUCTION 



Hyaline cartilage, as found in normal joints, has an 
important role in decreasing friction and mechanical load. 
Its unique biochemical and histological structure is inex- 
tricably linked to its biomechanical function of protecting 
the underlying subchondral bone. Understandably, when 
hyaline cartilage breaks down, changes occur in the sub- 
chondral bone, which are manifested by radiographic 
changes and the clinical symptoms of osteoarthritis. 

Recent advances in the basic sciences, with an 
increased understanding of the structure and function of 
articular cartilage and the mechanisms by which articular 
cartilage breaks down, have opened up a new field where 
the possibility now exists for restoring articular surfaces. 
We now know from clinical and basic science research that 
lesions once thougltt to be irreparable may be repairable. 
Current techniques are successful to a certain degree in 
producing repair tissue, but as of yet, there is no single 
technique that is capable of reduplicating the histological 
structure and biomechanical function of hyaline cartilage. 
Tne extent to which the repair tissue approximates the nor- 
mal histological structure of hyaline cartilage can be corre- 
lated to its ultimate ability to resist mechanical load and 
maintain good clinical function with pain relief. 

The dilemma in restoring articular surfaces appears to 
lie with the chondrocytes. The chondrocytes are the 
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metabolic power plants that produce the extracellular 
matrix. Once chondrocytes mature or differentiate, their 
capacity to reproduce slows down. They carry on their 
metabolic activities, embedded in lacunae within the 
extracellular matrix they are producing. Although isolat- 
ed within this , self-made milieu, the chondrocytes can 
respond to growth factors, cytokines, and mechanical 
influences produced externally from the environment. 4 - 9 
Changes in these stimulators of chondrocytes have been 
shown to have profound effects on the degeneration and 
synthesis of articular cartilage. 4 : 9 Chondrocytes cultured 
from the articular cartilage of young individuals are more 
sensitive to these stimulators and are able to maintain an 
increased capacity to divide and expand. 4 - 9 

The symphony that the chondrocytes orchestrate is a 
fine balance between synthesis and degradation. Like all 
biological structures, there exists a natural turnover 
process that maintains the articular cartilage in its optimal 
biomechanical states. For whatever reason, be it genetic 
or trauma, when this delicate balance is disrupted, it is 
tipped toward degradation. 4,9 Early on in this process, 
synthesis may still keep pace, but if the condition that ini- 
tiated the degenerative process continues unabated, syn- 
thesis can no longer keep up and the patient becomes 
symptomatic. 

Osteoarthritis is a degenerative process that occurs 
over time. While its etiology may be multifactorial, the 
final common pathway is a shift in this balance from syn- 
thesis to degradation. Recently, interleukin-1 has been 
implicated as a key component in the pathogenesis of 
osteoarthritis. It appears that interleukin-1 can stimulate 
protein modulators known as metalloproteinases. 9 
Metalloproteinases have been implicated in the brcak- 
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down of proteoglycans and collagen in the extracellular 
matrix. There is currently a great deal of interest in reg- 
ulating these metalloproteinases to prevent the progres- 
sion of osteoarthritis. Tissue inhibitors of metallopro- 
teinases have been described and have been shown to 
counteract some of the degradative properties of metal- 
loproteinases. 9 

Studies have shown that following injury to articular 
cartilage, an initial decrease in collagen and proteoglycan 
content is followed by a subsequent increase. This apparent 
compensatory synthetic response by the chondrocytes, 
however, is usually ineffective. There is disaggregation of 
the proteoglycan aggregates and also disorganization of the 
collagen /fibrillar network. This allows for an increase in 
the permeability ofthe extracellular matrix and an increase 
in tissue hydration. The collagen and proteoglycan fibrillar 
meshwork, which is now disrupted, cannot maintain an 
effective swelling pressure, and the overall stillness of the 
articular cartilage is dramatically reduced. Eventually, the 
synthetic machinery of the chondrocytes is smothered as 
the articular cartilage is overloaded. The production of col- 
lagen and proteoglycans late in the degenerative process 
thus is significantly diminished. 9 

Hie barrier that maintains the privileged environment 
of the chondrocyte may be the tidemark. The tidemark is a 
histologically defined layer in articular cartilage below 
which cartilage becomes calcified and then ossified to 
become subchondral bone. It may serve as a selective bar- 
rier. As individuals mature through adolescence, the articu- 
lar cartilage looses some of its regenerative capacity and 
plasticity as the tidemark becomes more defined. Fractures 
that extend below the tidemark have a greater potential to 
heal because they are exposed to the vascular supply of the 
subchondral bone. A fibrin clot can form, and mesenchy- 
mal precursor cells present are stimulated to regenerate 
fibrocaitilage. 

Unfortunately, fibrocartilage is a reparative tissue 
. , that consists of a mixture of type I and type II collagen. 
It lacks the unique zonal organization of hyaline carti- 
lage. It thus lacks durability and breaks down over time. 
Any repair tissue must therefore receive the appropriate 
stimulatory signals to reduplicate the normal histology of 
hyaline cartilage to maintain normal biological function. 
Ultimately, an effective reparative process will involve 
responsive chondrocytes receiving appropriate signals in 
a conducive environment. 

NONOPERATIVE MEDICAL TREATMENT 



In most instances, the breakdown of articular cartilage 
is a multifactorial event. There is a final common path- 
way, however, and the etiology can be traced to a mechan- 
ical overload of ihe chondrocytes and a weakened extra- 
cellular matrix. Thus, methods that unload the joint can 



tip the balance from articular cartilage degeneration to 
articular cartilage synthesis. Exactly how the chondrocyte 
perceives a reduction in mechanical load is not clear, but 
it has been shown that with reduction in mechanical load, 
the chondrocyte can increase its metabolic activity. 9 
Therefore, simple measures, such as weight reduction, 
physical therapy to increase the dynamic muscular sup- 
port around joints, and braces and orthotics that unload 
the joint, can to some extent allow the chondrocyte to 
rejuvenate its synthetic machinery. With the regeneration 
of articular cartilage, there is an upregulation of the ri bo- 
somes, endoplasmic reticulum, DNA, and mRNA, which 
are involved in collagen and matrix production. 4 

Several medications are currently being used to treat 
osteoarthritis. The efficacy of nonsteroidal anti-inflam- 
matory drugs (NSAIDS) in noninflammatory arthro- 
pathies such as osteoarthritis has not been shown clinical- 
ly to be any better than simple analgesics such as aceta- 
minophen. Oral chondroitin sulfates derived from shark 
cartilage and oral glycosaminoglycan precursors similar- 
ly have not been shown in credible randomized, prospec- 
tive studies to be any better than placebos. Hyaluronic 
acid derivatives recently have been approved by the FDA 
for injection into synovial joints. The problem is that mul- 
tiple injections are required, with an increased number of 
office visits, increased cost, and diminishing results over 
time. Furthermore, it seems scientifically implausible that 
after the ingestion of a protein in the gastrointestinal tract 
there can be reconstitution of a biologically active pre- 
cursor that helps to promote joint lubrication. 

ARTHROSCOPIC LAVAGE AND DEBRIDEMENT 



Exactly how arthroscopic lavage and debridement 
may help the early symptoms of osteoarthritis is not 
entirely clear at this time. Many researchers have theo- 
rized that the benefit is derived from removing harmful 
enzymes such as metalloproteinases from the joint that 
have been shown to perpetuate the vicious cycle of break- 
down. 7 In early stages, removing these degradative 
enzymes from the joint may allow the chondrocyte to 
upregulate its biosynthetic activity. 

Another mechanism by which lavage may relieve the 
symptoms of osteoarthritis and increase the resiliency and 
stiffness of articular cartilage is through changing the 
ionic environment within the synovial fluid. The articular 
cartilage maintains a swelling pressure as the negatively 
charged proteoglycans attract positively charged sodium 
ions. In turn, the sodium ions create an osmotic effect that 
increases the permeability of the articular cartilage. In the 
early stages, in which the collagen fibril complex is not 
yet disorganized, maintaining the swelling pressure by 
lavage can help to maintain the stiffness of the articular 
cartilage and help resist load. 
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When the articular cartilage breakdown has pro- 
gressed to the later stages of osteoarthritis, such as in 
bone-on-bone articulation, the beneficial effect of lavage 
obviously will be minimal. In addition, if predisposing 
malalignment is not corrected, the beneficial effects seem 
to be minimized. 

Why mechanical debridement is of benefit above and 
beyond the lavage process alone is also poorly under- 
stood. Debridement of loose articular cartilage flaps obvi- 
ously relieves mechanical symptoms and also may pre- 
vent further delamination. It is also possible that removal 
of loose pieces of articular cartilage may decrease the 
load of degradative proteolytic enzymes, and the removal 
of fibrillated and deiaminating cartilage (shaving) may 
improve joint loading and mechanics. 

MARROW STIMULATION TECHNIQUES 



There are several techniques that use stimulation of the 
subchondral bone marrow to produce a type of repair car- 
tilage known as "fibrocartilage." Abrasion arthroplasty, 
subchondral drilling, and microfracture are all techniques 
that expose the subchondral bone and produce a fibrin clot. 
In the fibrin clot, there are primitive undifferentiated mes- 
enchymal stem cells that are capable of differentiating into 
either bone or cartilage. The differentiation is influenced 
by the presence of various biological growth factors and 
also environmental and mechanical factors. 

Unfortunately, the fibrocartilage repair tissue, which 
contains predominantly type II collagen, is fragile. The 
fibrocartilage produced must be protected from excessive 
load,. This sometimes requires prolonged restricted 
weightbearing or unloading osteotomies. In the end, most 
studies show that good and excellent results are only 
maintained for short periods of time; 8 

Abrasion Arthroplasty 

' Abrasion arthroplasty involves superficially abrading 
the subchondral bone so that bleeding arid a fibrin clot are 
produced. It is also thought that debriding the degenera- 
tive articular cartilage back to normal tissues is important 
so that the fibrin clot is capable of binding. In 399 patients 
who underwent arthroscopy anil abrasion arthroplasty, 
Johnson 8 noted that only 12% of patients had no com- 
plaints. Histologically, the repair tissue is initially fibrous 
and becomes fibrocartilage in about 4 to 6 months. 
Characterization of the collagen shows increasing 
amounts of type II collagen with smaller amounts of type 
1 collagen. The repair tissue continues to remodel up to 2 
years postoperatively. 

Chondrocytes have shown age-related changes with 
a limited capacity to divide as they get older. This char- 
acteristic may explain the slightly better results from 
various marrow stimulation techniques in younger 



patients. Friedman et al 5 found that among patients who 
averaged 54 years of age, 53% exhibited some improve- 
ment, whereas in patients who averaged 40 years old, 
86% showed improvement. This study further illustrates 
the importance of demographics and age in any study 
reporting the outcome qf articular cartilage restoration 
techniques. 

Subchondral Drilling 

First described by Pridie in 1956, subchondral 
drilling is similar to abrasion arthroplasty except that the 
subchondral bone is penetrated in a more precise pin- 
point fashion using small drills. Like abrasion arthro- 
plasty, a fibrin clot is produced. Undifferentiated mes- 
enchymal stem cells will fill the defect with a mixture of 
various repair tissues. The end result is once again some 
degree of fibrocartilage. In one study by Tippett, 12 a 
group of patients who underwent subchondral drilling 
and high tibial valgus osteotomy showed superior results 
to those receiving osteotomy alone. This further illus- 
trates the importance of unloading damaged or repaired 
articular cartilage. 

Microfracture 

This technique, popularized by Steadman, is similar 
to abrasion arthroplasty and subchondral drilling. Small 
pinpoint lesions made by picks in the subchondral bone 
produce bleeding and a fibrin clot. Abnormal degenera- 
tive cartilage needs to be debrided back to a healthy rim 
of cartilage. Although many patients have undergone 
microfracture techniques, there are no large studies 
revealing outcome. 

Most rehabilitation protocols after marrow stimula- 
tion techniques call for some form of protective weight- 
bearing and continuous passive motion. In addition, it is 
believed that significant predisposing fractures such as 
malalignment or obesity need to be corrected to obtain 
better results. This allows redistribution of load and pro- 
tects the fragile fibrocartilage that is produced. 

PERIOSTEAL AND PERICHONDRAL GRAFTS 



These techniques involve soft-tissue interposition 
grafts placed into traumatic, debrided, or resected articu- 
lar cartilage defects. Of most promise have been the 
periosteal and perichondral grafts. Like bone marrow 
stimulation techniques, age, motion, and protection of 
the repair tissue appears to be important. Periosteal and 
perichondral grafts appear to provide a source of undif- 
ferentiated cells. Given the correct growth factors and 
microenvironment, they can produce "hyaline-like" car- 
tilage. In the case of periosteum, the cells appear to be 
derived from the cambium layer, which is the layer adja- 
cent to the bone. In addition to being a relatively abun- 
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dant tissue and thus a source of precursor cells, the 
periosteum or perichondrium also may act as a matrix 
and also afford the host precursors cells some protection 
from excessive loading, Whether the growth factors are 
derived from the soft-tissue graft or come from the adja- 
cent articular cartilage or the synovium has not been 
determined. 

Various animal studies and clinical experience have 
shown that perichondral and periosteal grafts placed in 
articular cartilage defects can produce hyaline-like car- 
tilage. 10 Unfortunately, with time, the interposition 
grafts undergo endochondral ossification. This leads to 
break down and poor long-term results. The presence of 
type X collagen heralds trie onset of endochondral ossi- 
fication. Motion,.. normal loading, and younger age 
appear to give better results by minimizing the amount 
of endochondral ossification. Thus, while interposition 
grafts appear promising, the potential to differentiate 
into noncartilaginous pathways still exists and has not 
been solved. 

CHONDROCYTE-ST1MULATING FACTORS 



Basic science research has identified a multitude of 
polypeptide growth factors. Bone morphogenic proteins, 
insulin such as growth factor, fibroblast growth factor, 
platelet-derived growth factor, and transforming growth 
factor beta (transforming growth factor-P) all have been 
shown to influence chondrocytes and other mesenchy- 
mal cells. They appear to affect the type of matrix syn- 
thesized, the degree of differentiation, prouferation, and 
migration. The chondrocyte-stimulating factors appear 
to mediate their effects through cell surface receptors on 
the chondrocytes, which are known as integrins. These 
factors then may directly modify the extracellular 
matrix 1 . 

In addition, environmental and mechanical factors 
such as changes in stress, strains, pressure, and flow 
seem to produce changes in the concentrations of these 
factors. 6 Sellers et al n recently demonstrated that recom- 
binant human bone morphogenic protein-2 (rhBMP-2) 
can accelerate the healing of full-thickness defects of 
articular cartilage. 

While chondrocytes respond in various ways to the 
growth factors, there is currently a great interest in the 
implantation of chondrocytes or mesenchymal stem 
cells into chondral defects, along with various chondro- 
genic-stimulating factors. If cartilage-producing cells 
can be placed into chondral defects and then given the 
right clues with chondrogenic-stimulating factors, it is 
hoped that the cartilage produced will be more likely to 
resemble hyaline cartilage. This is currently the theory 
behind autologous chondrocyte implantation tech- 
niques. 



AUTOLOGOUS CHONDR OCYTE IMPLANTATION 

The technique of autologous chondrocyte implantation 
has received a great deal of recent attention in the press and 
in the scientific literature. 3 Cultured chondrocytes that are 
harvested from the patient are rcimplanted after 3 to 4 
weeks of culturing. At implantation, the osteochondral 
defect is debrided of all fibrous or damaged tissue, and a 
periosteal flap is meticulously sewn to the edge of normal 
articular cartilage. The cultured chondrocytes are then 
placed underneath the periosteal flap, and the flap is sealed. 

It is important that the cambium layer of the perios- 
teum is facing the joint as it may serve as a source of 
growth factors or cells for the new matrix. The cultured 
chondrocytes begin to produce an extracellular matrix 
that closely resembles hyaline cartilage. Histological 
biopsies, however, do reveal that there is still some disor- 
ganization of the chondrocytes and collagen matrix that is 
not seen in normal hyaline cartilage. Thus, the repaired 
tissue only can be called hyaline-like articular cartilage. 

One of the main concerns about the autologous chon- 
drocyte implantation technique is the expense. In addition, 
has not been shown that the natural history of a patient 
receiving an autologous chondrocyte implantation is any 
better than that of a patient who develops fibrocartilage 
after a marrow-stimulating technique. Recendy, the results 
of chondrocyte implantation in cartilage defects in rabbits 
could not be reproduced in the canine model 2 The reasons 
remain unclear. Obviously, prospective randomized studies 
comparing the hyaline-like tissue produced in autologous 
chondrocyte implantation with that of the fibrocartilage tis- 
sue produced in other techniques are needed. 

SYNTHETIC MATRICES 



Synthetic matrices are being developed out of colla- 
gen, carbon fibers, and glycosaminoglycan gels. They 
serve as a scaffolding or framework that helps to promote 
cell migration and proliferation. It is hoped that they can * 
be used to fill articular cartilage defects and therefore pro- 
mote the regeneration of a more normal joint contour. 

OSTEOCHONDRAL AUTOGRAFTS 



These techniques avoid the problems encountered 
with differentiation of stem cells into pathways of endo- 
chondral ossification and fibrocartilage production by 
grafting full-thickness plugs of subchondral bone and 
hyaline cartilage into defects. Single and multiple plugs 
can be placed into appropriate osteochondral defects. 
When multiple plugs are placed, the technique is known 
as mosaicplasty. 

Defects >2 cm are difficult to fill using these tech- 
niques because it is difficult to contour the plugs to the 
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articular surface. Also, the interface between the donor 
and recipient hyaline cartilage is a cleft that usually is 
filled with fibrocartilage. While several studies have 
shown encouraging results with these techniques, the 
long-term biomechanical strength of these plugs has yet 
to be determined. 1 

SUMMARY 



Over the past several decades, much has been learned 
about articular cartilage and its physiological capacity to 
restore itself. While articular cartilage does appear to 
have some regenerative capabilities, it appears to lose tlus 
capacity over a period of time, making restoration of 
articular surfaces more and more difficulL To date, no 
technique has been completely successful in achieving 
exactly normal regenerative articular cartilage. 

Arthroscopic lavage and debridement provides tem- 
porary relief of symptoms. This probably works by 
removing degradatrve enzymes that contribute to synovi- 
tis and also to the further breakdown of articular cartilage. 

Bone marrow stimulation techniques such as abrasion 
arthroplasty, drilling, and microfracture produce only 
fibrocartilage and therefore do not offer a long-term cure. 
Perichondral and periosteal interposition grafts produce 
repair tissue that is similar to hyaline cartilage but also 
lack the mechanical durability. Like bone marrow stimu- 
lation techniques, interposition grafts introduce precursor 
cells, which have a tendency to differentiate along lines 
other than cartilage. This leads to an inferior quality of 
repair tissue. 

Currently, chondrogenic-stimuiating factors and arti- 
ficial matrices are currently being researched and devel- 
oped. Much has been learned about the various growth 
factors that stimulate chondrocyte differentiation and 
extracellular matrix production, but to date, there has not 
been a clinical technique that has shown any long-term 
promise. Ultimately, the goal will be to take precursor 
cells from an easily accessible source such as the iliac 
crest, mix. them with growth factors that have been 
derived genetically in the lab, and provide an artificial 
matrix that in combination can produce restoration of 
articular cartilage at minimal cost and patient morbidity. 

Autologous osteochondral transplant systems have 
shown encouraging results but there are still problems. 
Graft matching and contouring to the recipient articular 
surface is difficult. Donor sites can be a limiting factor. 
Furthermore, the fibrocartilaginous interface between the 
donor and recipient site may contribute to breakdown in 
thelong run. 

Autologous chondrocyte implantation is a biological 
repair process that also has shown encouraging results. It 
must be remembered that this is not normal articular car- 
tilage—it is only hyaline-like cartilage. The technique is 



expensive and is teclmicaUy difficult to perforin. There 
are no randomized prospective studies that compare the 
natural history of the repair tissue to that of other forms 
of repair tissue. Long-term functional outcome is still a 
significant question mark. In addition, it has not been 
shown that autologous chondrocyte implantation can pre- 
vent degenerative changes. 

In the future, we probably will see delivery systems 
using stimulating growth factors, chondrocytes, and syn- 
thetically derived matrices. When placed in combination 
and with the right mechanical stimuli, we may ultimately 
achieve true restoration of articular cartilage. 
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REPAIR OP TISSUE IN ANIMALS 

This Is a continuation-in-part application, of 
USSN 06/468,590, filed 22 February 1983 (.now 
pending ) } which is in turn a continuation-in- 
part application of USSN 06/423,203, filed 24 
September 1982 (.now abandoned). 

BACKGROUND OP THE INVENTION 

1, Field Of The Invention 

This invention relates to compositions which 
promote repair of tissue, particularly fibroblast 
5 cells, in animals, particularly human beings. This 
invention further relates to a method of treating 
wounds by the topical or systemic administration of 
the compositions ♦ 

2. Description Of The Prior Art 

10 - There is a continuing need for the promotion 

of rapid cell proliferation at the site of wounds, 
burns, diabetic and decubitus ulcers, and other 
traumata. 

A number of "growth factors 11 are known, which 
15 promote the rapid growth of animal cells* These 

growth factors include epidermal growth factor (EGF), 
transforming growth factors (TGF's), and nerve growth 
factor (NGF). However, prior to this invention, none 
of these growth factors have been found to be 
20 pharmaceutically acceptable agents for the accel- 
eration of wound healing. 
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It has been shown that the initogenic activity of 
insulin (a hormone) can be increased many-fold by the 
'presence of prostaglandin (not exactly a hormone, 

but having similar properties - it causes constriction 
5 of vascular ' smooth muscle), see L. Jimenez de Asua, et 
m al., Cold Spring Harbor Conf. Cell Proliferation Vol. 6 , 
Sato, ed-, Cold Spring Harbor Labs., New York, (1979) 
at Pp. 403-424. Similar activation of Insulin has been 
reported with fibroblast growth factor by P. S* Rudland, 

10 et al., Proc. Natl. Acad. Scl., U.S.A. . 71:2600-2604 

(1974) and with EGP by R. W. Holley, et al. , Proc. Natl. 
Acad. Sci. , U.S.A. , 71:2908-2911 (1974). Furthermore, 
in the "competance-progression" scheme of C» D. Stiles, 
et al. , in Proc. Natl. Acad. Sci., U.S.A. , 76:1279-1283 

15 (1979) , positive effects on cell growth have been 
demonstrated for plate let -derived growth factor or 
fibroblast growth factor in combination with members of 
the Insulin family such as somatomedins A and C, the 
insulin-like growth factors. 

20 Many new peptide growth factors have been isolated 

and characterized recently, as indicated in Tissue 
Growth - Factors , R. Baserga, ed. , Springer-Verlag pub., 
New York (1981), however there have been few studies 
on the activity of these materials in vivo . In many 

25 cases, the relatively small amounts of peptides avail- 
able have limited the ability to study their properties 
in vivo . An important area for potential application 
of peptide growth factors is the enhancement of wound 
healing. Despite the need for rapid wound healing in 

30 the treatment of severe burns , trauma, diabetic and 
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decubitus ulcers, and many other conditions, at present 
there is no practical way to accelerate wound healing 
with, pharmacological agents. Although it is suggested 
in Tissue Growth Factors , supra , at p. 123 that EGF 
5 might be of benefit in t&is area, it has yet to be 

extensively used in a practical way for wound healing. 

SUMMARY OF THE INVENTION 

This invention affords compositions for the pro- 
motion of cell proliferation in animals, especially 

1Q fibroblast cells in human beings. The compositions 

have as their active ingredients, beta-type transforming 
growth factor (TGF-6) and an activating agent. The 
activating agents of this invention are selected from 
at least one of epidermal growth factor (EGF) and 

15 alpha-type transforming growth factor (TGF-a). 

The TGF-8 and the activating agent are preferably ■ 
present in about equimolar amounts, and the active 
ingredients are present in an amount at least sufficient 
to stimulate cell proliferation (tissue repair). 

20 As another embodiment , the activated TGF- 6 

* compositions of this invention may be admixed with other 
Csecondary) growth factors to enhance their activity. 

The compositions may be formulated in any suitable 
carrier for topical application, such as physiological 

25 saline solution or purified collagen suspension. The 
compositions also may be formulated in any suitable 
carrier for systemic administration. 

The method of topical administration of the com- 
positions of this invention is by direct application to 

30 a burn, wound, or other traumata situs. Periodic 

or continual further administration day be preferably 
indicated in most instances, since the active ingretiients 
are physiologically utilized by the cells whose growth 
is being stimulated. 
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As a further embodiment, the compositions of this 
invention may be administered systemically by injection, * 
"enter ally, transdermal patches, and the like, depending 
upon the nature and site of the traumata to be treated. * 

5 * DETAILED DESCRIPTION OF THE INVENTION 

The term, "transforming growth factor 11 (TGP) has 
been defined to include the set of polypeptides which 
confer the transformed phenotype on untransformed 
indicator cells. The transformed phenotype is opera- 

10 tionally defined by the loss of density-dependent 

inhibition of growth in monolayer, overgrowth in mono- 
layer, characteristic change in cellular morphology, 
and acquisition of anchorage independence , with the 
resultant ability to grow in soft agar, Untransformed, 

15 non-neoplastic cells will not form progressively 
growing colonies in soft agar, while the 
property of anchorage-independent growth of cells in 
culture has a particularly high correlation with neo- 
plastic growth in vivo . 

20 Although TGFs were first discovered in the 

conditioned medium of virally-trans formed neoplastic 
mouse cells 5 the application of the acid/ethanol method 
for extraction of peptides from tissues has now shown 
that TGPs can be found in almost all tissues, both neo- 

25 plastic and non-neoplastic, from all species of animals 
that have been examined thus far. Although TGP 
activity is usually measured with an in vitro phenotypic 
transformation assay, this does not imply that TGP . 

<• ^ - 
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activity in vivo is necessarily related to the develop- 
ment of malignancy. Indeed, the transformed phenotype 
*is a physiological state associated with normal 
embryological development, and transforming ( one ) 
5 genes have been found in normal cells of essentially 

all vertebrates . The function of these one genes from 
* normal cells is not known at present. While there may 
be irreversible and excessive expression of TGF : 
activity during malignant cell growth, the data at hand • 

10 indicate that TGPs have a more benign and perhaps 

essential role in the function of normal cells* At 
present, it is not known what the intrinsic physiological 
roles of TGPs are. In this respect, TGPs are like many 
other peptide hormones or hormone-like agents which 

15 have recently .been discovered and isolated; this is 
particularly true for many peptides of the nervous 
system, for which a defined chemical structure may be 
known, yet whose physiology is still a matter of un- 
certainty* 

20 The initial description of sarcoma growth factor 

(SGP), the first of the TGPs to be isolated, was an 
important finding in tumor cell biology since it pro- 
vided a direct mechanism for the expression of the 
neoplastic phenotype in a virally -trans formed cell. 

25 Two important properties of SGP were described in these 
earliest studies, namely (1) that the effects of SGP 
in causing phenotypic transformation were dependent 
on its continued presence, and that these effects were 
reversible when SGP was removed, and (2) that the 

30 effects of SGP could be expressed in the very same 
' cells that synthesized this peptide, a property that 
has been termed aut o cr ine s e cr e t i on . Although these 
two properties have not been definitively shown for 
all of the other more newly discovered TGPs, the 

35 functions of the entire set of TGPs can most reasonably 



WO 84/01106 



- 6 - 



PCT/US83/01460 



be assumed to be that of local, hormone -like agents 
that reversibly control cell function by paracrine or 
* autocrine mechanisms.. 

Since the discovery of SGF in 1978, many TGPs - 
5 have been described from diverse sources. These 

TGPs can be categorized into two groups: extracellular 
TGPs isolated from conditioned media* of cultured cells, 
and intracellular (cell-associated) TGPs isolated by 
direct extraction of cells or tissues. Although 

10 extracellular TGPs have recently been isolated from 

non-neoplastic murine cells, use of conditioned medium 
has, in general, been restricted to neoplastic cell 
lines that could be grown in long-term, large-scale 
culture, .including certain virally and chemically- 

15 transformed rodent cells and human tumor cell lines. 

The adaptation of an acid/ethanol extraction procedure 
to TGP isolation removed all limitations on cell types 
and quantities of tissues that could be examined. 
Using this procedure, extracts of all tissues or cells, 

20 whether of neoplastic or non-neoplastic origin, whether 
from adult or embryonic tissue, whether from human, 
bovine, or murine genomes, have been shown to promote 
colony formation in a soft agar assay; hence, by 
definition, these extracts contain TGP activity. 

25 A variety of both epithelial and fibroblastic 

cell lines form colonies in soft agar in the presence 
of TGPs. However, the most commonly used indicator 
cell line is the rat kidney fibroblast cell clone, 
MRK 49P> which has been selected for its strong colony- 

30 forming response to the TGPs. Rat-1 cells and mouse 
AKR-2B cells! have also been used successfully as 
indicator cells. ^ 
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All of the TGFs referred to above are low 
molecular weight polypeptides which share with SGF the 
'physical properties of acid and heat stability and 
sensitivity to treatment with both trypsin and 
5 dithiothreitol. ;Hbwever, there are marked differences 
in the biological properties of these TGFs, particu- 
' larly with respect to their relationship to EGF. 

Certain TGPs, though antigenically distinct from EGF, 
have some structural homology to EGF, since they 
10 compete with EGF for receptor binding. Other TGFs do 
not compete with EGF for receptor binding, but instead 
are dependent on EGF for activity in the soft agar 
assay for colony formation. To remove the ambiguities 
implicit in the assignment of the general term "TGF" 
15 to these different factors, an operational classifica- 
tion of the members of the TGF family based on their 
interactions with EGF is suggested, both with respect 
- to competition for binding to the EGF receptor and to 
the requirement for EGF for induction of colonies in 
20 soft agar. 

As defined for purposes of this invention, 
TGF-<x are those TGFs which compete with EGF for receptor 
binding and which do not require EGF for the induction 
of colony formation in soft agar, TGFs with these 
25 properties include SGF and other TGFs derived from 
neoplastic cells,. as well as some TGFs from mouse 
embryos. 

As defined for purposes of this invention, 
TGF- 6 are those TGFs which do not compete with EGF for 
30 receptor binding and which require EGF for the induction 
of colony growth in soft agar. When assayed in the 
presence of EGF, TGF- 6 represents the major colony- 
forming activity of the intracellular TGFs of both neo- 
plastic and non-neoplastic cell lines and tissues. It 
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can be assumed that TGF-6 will be found in conditioned 
media as well, once the proper assays are used. 

Those TGFs which do not compete with EGP for 
receptor binding and which do not require EGP for 

1 5 colony formation are designated TGF-y (gajnma-type TGP). 
Such TGPs have been described in conditioned media of 
certain virally or chemically -transformed cells . 
Finally, TGF-6 (delta-type TGP) is used to specify 
those TGPs which would both compete for EGP receptors 

10 and require EGP for colony formation in soft agar. 
EGP itself could be classified as a weak TGP- 5 • 

Example Of Purification And Properties 

Research in our laboratory has been directed 
toward the isolation of TGPs directly from cells and 

15 tissues. An acid/ethanol extraction procedure was 
modified for this purpose, as disclosed in A. B. 
Roberts, et al., Proc. Natl. Acad. Sci., U.S.A. s 
77:3494-3498 (1980), and chromatography and high 
pressure liquid chromatography (HPLC) have been 

20 employed for further purification. TGP activity, mea- 
sured by the ability to induce non-neoplastic indicator 
cells (NRK) to form colonies in soft agar, has been 
quantitated on an image analysis system with respect to 
both the number and size of the colonies formed. By 

25 use of HPLC, we have shown that two distinctly different 
TGPs, here classified as TGF-a and TGP-6, can be 
isolated £rom the same pool of acid/ethanol extracts of 
MSV-transformed 3T3 cells; for this purpose, columns 



WO 84/01106 PCT/US83/01460 

- 9 - 



10 



using a linear gradient of acetonitrile in 0*1% 
trifluoroacetic acid have been used. TGF-a, which 
*elutes from the column earlier than marker EGF, is 
characterized by its ability to induce the formation of 
small colbnies (850-3,100 urn 2 ) in soft agar in the 
absence of added EGF and its ability to compete with 
EGF in a radio-receptor assay. TGF-S, which elutes 
later than TGF-a or marker EGP, does not compete with 
EGP for receptor binding and requires EGP to induce 
the formation of large colonies (>3>100 J-un 2 ) in the 
soft agar assay. 

TGF-a from MSV-transformed 3T3 cells resembles 
SGP isolated from the conditioned medium of the 
same cells and ott^er TGPs isolated from rat and human 
15 tumor cell lines. Recently, SGP and the TGF-a' s from 
the conditioned media of a human melanoma cell line 
and virally-t ran s formed rat embryo fibroblasts have been 
purified to homogeneity. The human melanoma TGF-a 
is a single chain polypeptide of molecular weight 
2Q 7,400* Its amino acid composition and chromatographic 
behavior are markedly different from that of human EGP, 
but similar to that of murine SGP and rat TGF-a, 
suggesting that TGF-a f s from human, rat and mouse genomes 
are more closely related to each other than, to EGP. 
25 There is therefore a reasonable possibility that 
TGF-a* s may have cross-species utility. 

In sarcoma virus -transformed rodent cell lines, 
the release of TGF-a into the medium has been correlated 
with the expression of the transformed phenotype, and 
within a selected set of human tumor cell lines that 
release TGF-a, the ability of the tumor cells to grow 
in soft agar has been correlated with the quantity of 
TGF-a they secrete. However, secretion of TGF-a is not 
an absolute requirement for neoplastic behavior; certain 
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chemically transformed murine cell lines and human 
lung carcinoma cell lines that do not secrete 
TGP-a release strong TGF activity that does not 
compete with EGF for receptor binding. 

TGF-8 of the acid/ethanol extract of the Msy- 
transformed 3T3 cells resembles other TGPs isolated 
from many neoplastic and non-neoplastic tissues. 
After further purification on a second HPLC column 
TGF-8 of the MSV-transformed cells eluted at the 
same position in the n-propanol gradient LH8%) as 
one peak of TGF-8 activity of the bovine salivary 
gland, and each was associated with a small peak 
of absorhance at 280 nm. These two TGF-8 's, one 
from a neoplastic mouse cell line and the other from 
a non-neoplastic bovine tissue, each migrated as 
a 12,500-13,000 daltons MW protein on SDS-PAGE in 
the presence of mercaptoethanol and as an apparent 
25,000-26,000 daltons protein in the absence of 
mercaptoethanol; they therefore appear to be closely 
related to each other and different from both 
TGP-a and EOF. The finding of TGF-8 in all non- 
neoplastic tissues examined thus far suggests a 
normal physiological function for these TGFs. There 
is therefore a reasonable possibility that TGP-6's 
25 may have cross-species utility. 

Amino Acid nnm^c ^on ^ s ^ , ^ neln ^ nf> 

Through a combination of techniques, TGF-8 
from bovine kidneys was purified 200,000-fold to 
the point of homogeniety. 
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Samples of homogenous TGF-g (.20-50 pmol) 
were taken to dryness and hydrolyzed in sealed, 
evacuated tubes at 150°C for 2 hours in 100 /J. 
constant boiling HC1 containing 0.1? liquid phenol* 
Half-cystine and methionine were determined by 
per formic acid oxidation followed by acid hydrolysis* 
Analyses of o-pHthalaldehyde derivatives of the 
amino acids were done on a modified amino acid 
analyzer equipped with a fluorometer and computing 
integrator* 

For amino-terminal sequence analysis, 
approximately 500 picomoles CM r 25,000) of TGF-S 
were reduced and S-carboxymethylated with dithio- 
threitol and iodo-C^C] acetic acid in the presence 
of 6M gtianidine-HCl in 1 M Tris-HCl buffer, pH 8.4. 
Excess reagents were separated from carboxymethylated 
protein by HPLC on a 5 micron 50 x 4.6 mm column 
eluted with a gradient of 0-90? acetonitrile 
C1S8 per min) in 0.1? TFA. Overall recovery of the 
procedure was 96?, based on estimating the amount 
of protein by amino acid analysis using fluo re sc amine 
detection. 

. Automated Edman degradation was performed on 
about 500 pmoles CM r 12,500) of the S-carboxymethylated 
protein with a gas-phase sequencer. PTH-amino acids 
were' identified using an HPLC system. Initial yeild 
was about 30? and repetitive yield about 90?* 
The following table summarizes the amino 
acid distribution. 
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Amino Acid Composition 

Amino Acid 
Aspartic acid 
Threonine 
Serine 

Glutamic acid 
Proline 
Glycine 
Alanine 

Half-cystine (c > 
Valine 

Methionine Cc) 

Is o leucine 

Leucine 

Tyrosine 

Pheny lalanine 

Histidine 

Lysine 

Tryptophan 

Arginine 



TABLE 1 

of Bovine Kidney TGF-0 

Re si due s/mo le ^ ^ Quean +_ range) 

25 + 1 

7 + 1 
16 + 2 

26 + 1 
N.D. 

15 + 3 
18 + 1 

16 + 2 

17 + 1 
3 + 0 

11 + 1 
25 + 1 
17 + 2 

8 + 1 
8 + 1 

22 + 2 
N.D. 

12 + 1 
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a Amino acid composition of purified bovine kidney typ 
0 TGP determined after 2 h. hydrolysis in 6 N KC1 at 
150°. Values are hased on 3 separate determinations 
of 3 different preparations. 

5 b The number of residues per mole for each amino acid 
is based on an apparent molecular weight of 25,0.00. 

c Determined by performic acid oxidation and acid 
hydrolysis. 

N.D. - not determined 



10 Analysis of the bovine kidney TGP-B by 

electrophoresis on NaDodSO^-polyacrylamide gels 
suggests that some of the disulfide bonds are inter- 
f chain.. Comparison of the above results with those 
obtained by the analysis of TGF-6 from human placenta 
15. or human platelets revealed no significant differences 
in the respective amino acid compositions, and it is 
anticipated that the N-terminal sequences will be 
very similar. 

Amino acid sequence analysis of the reduced 
20 and S-carboxymethylated bovine kidney TGF-6 by 
automated Edman degradation using a gas-phase 
sequencer revealed a single N-terminal amino acid 
sequence as follows, CCMC is S-carhoxymethylcysteine) : 

Ala-Leu-Asp-Tto-Ain^ 
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Initial and repetitive yields were found to 
be equal to the yields calculated for myoglobin 
used as standard protein. At the minimum, the 
results indicate that the sequence of at least the 

5 firs-t fifteen N-terminal amino acids of each of 

tlie two subunits of TGF-8 is identical and confirm 
the observations of a single protein band of the 
reduced TGF-8 on NaDodSO^-polyacrylamide gels. In 
addition, the N-terminal sequence of the bovine 

10 kidney TOF-8 is identical to the partial sequence 
of TGF-8 from human placenta, suggesting a high 
degree of relatedness of type 8 TGFs from different 
species and different tissue sources. 



Activation of TGF-6 

15 Recent experiments in our laboratory have shown 

that either TGF-a or EGF will activate TGF-8 to induce 
the formation of large colonies in soft agar. Purified 
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TGF-8 from the MS V-trans formed 3T3 cells, assayed by 
Itself, had no colony-forming activity at concentrations 
*as high as 2 ug/ml. However, assayed after activation 
by the presence of either EGP, or TGF-*C derived from the 
same cells, TGF-8 induced a dose-dependent formation of 
large colonies (>3,100 pm 2 ) at concentrations of 10-200 
- ng/iiil. By contrast, EGF or TGF-a, assayed by themselves, 
induced a maximal response of only a small number of 
colonies; this response was increased 10-fold by the 
addition of TGF-8. The relative abilities of EGF 
and TGF-ct to promote TGF-8-dependent formation of large 
colonies in soft agar correlated with their relative 
abilities to compete for binding to the EGF receptor; 
other experiments using chemically-modified EGF ana- 
logues have substantiated this correlation. These 
data, demonstrating that the induction of a strong 
colony-forming response requires both TGF-a and TGF-8 
or EGF, suggest that TGF-8, which is found in all 
tissues, may be an essential mediator of the effects 
of TGF-a and of EGF on neoplastic transformation. 

Little is known about the mechanisms by which 
exogenous TGFs induce non-neoplastic cells to express 
the transformed phenotype. Furthermore, the synergistic 
interactions of TGF-a and TGF-8 suggest that these two 
TGFs may act through different pathways. Experiments 
using TGFs of conditioned media of sarcoma virus- 
transformed rodent cells have shown that the synthesis 
of new RNA and protein is required before transformation 
occurs. Other experiments have been directed at a 
possible role of TGFs in phosphorylation reactions. 
: Certain viral transforming gene products and their 
' normal cellular homologues have tyrosine-specific pro- 
tein kinase activity, and it has been proposed that 
phosphorylation at tyrosine of specific substrates may be 
important in the transformation process. Treatment of 
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human carcinoma A431 cells with various TGFs derived 
from conditioned media of virally-trans formed cells 
"or human tumor cell lines (TGF-a) resulted in 
phosphorylation of tyrosine residues in the 160 K EGF 
5 receptor. The pattern of phosphorylation, however, was 
indistinguishable from that induced by EGP itself, 
and thus would not appear to be trans format ion- specific, 
'likewise, dissolution of actin fibers of Rat-1 cells 
^occurs when they are treated with either TGP or EGP. 
10 It is clear that further research is needed to establish 
the relationships of the TGFs to the retrovirus trans- 
forming gene products and the mode of action of the 
TGFs in neoplastic transformation. 

The following are summaries of examples which 
15 illustrate various aspects of this invention: 

Example 1. 

HFLC separation of TGF-a and TGP- 8 of MSV-trans- 
formed 3T3 cells. The acid/ethanol extract of MSV- 
transformed cells was chromatographed on Bio-Gel P-30 

20 in 1 M -acetic acid. The 7-10,000 Mtf TGF fraction was 
further purified on a uBondapak CI 8 column using a 
gradient of acetonitrile in 0.1% trifluoroacetic acid. 
Aliquot s were assayed for colony-forming activity in 
the soft agar assay; in the presence of 2 ng/ml EGP; 

25 and in competition with I25 I-EGP in a radio-receptor 
assay. 
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Example 2. 

HPLC purification on uBondapak CN columns of 
TQF-8 from MSV-trans formed mouse 3T3 cells and bovine 
salivary gland using a gradient of n-propanol In 0.13? 
trlfluoroacetlc acid . TGF-0 of acid/ethanol extracts 
was purified on Bio-Gel F-30 and uBondapak Cl8 columns 
and then applied to CN columns. Aliquots were assayed 
for induction ! of colony growth of MRK cells in soft 
agar in the presence of 2 ng/ml EGP. 

Example 3« 

Synergistic interaction (activation) of TGF-S 
with TGF-q to induce the formation of large colonies 
of NRK cells in soft agar . Soft agar colony-forming 
activity of varying concentrations of uBondapak CN- 
purified TGF-3 derived from MSV- trans formed 3*3 cells was 
assayed either alone or in the presence of either CN- 
purified TGF-ct derived from the same cells or murine 
EGF. Soft agar colony-forming activity of varying 
concentrations of EGF or TGF-ct was assayed either alone 
or in the presence of TGF-S* 

In Vivo Demonstration Of Wound Healing 

After the above in vitro demonstrations of the 
operafaility of the compositions of this invention, it 
was considered critical to confirm that the compositions 
could work in clinical applications. For this purpose, 
TGFs were isolated on a relatively large scale from 
bovine sources and the wound healing activity of the 
compositions according to this invention were satis- 
factorily demonstrated using an experimental rodent 
wound healing protocol. 
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The examples which follow demonstrate not only 
that the compositions according to this invention are * 
effective in vivo , but also that TGPs may be employed 
cross-species. * 

5 „ Example 4. 

Purification and separation of TGP-a and TGF-8 * 
Bovine tissues, obtained fresh from the slaughterhouse 
and frozen immediately on dry ice, were extracted in 
2 kg batches with acid/ethanol in accordance with 

10 A. Roberts, et al. , Proc. Natl. Acad. Sci. , U.S.A. , 
77:3^94 (1980). Extracts from 6-8 kg tissue were 
combiried and chromatographed on Bio-Gel P-30 with 1 M 
acetic acid, using an 80 liter bed volume column. 
The TGPs of extracts of bovine kidney or bovine 

15 salivary gland e luted in a broad peak between the 

RNase (13,700) and insulin (5,700) markers, as had been 
observed for the TGPs of mouse kidney and mouse salivary 
jgland. TGPs at this stage of purification had a 
specific activity approximately 10 to 25-fold higher 

20 than the acid/ethanol extracts, with a range of 

recovery of 150,000-200,4300 colony-forming units per 
kg tissue. Most of the in vivo studies reported below 
were done with salivary gland or kidney TGPS purified 
to this stage. The TGPs activity in vitro was enhanced 

25 approximately 20-fold by the presence of 2-5 ng EGP per 
ml in the asssay, in accordance with this invention. 
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Following chromatography on Bio-Gel P-30, the 
bovine TGF-8 were purified further by High Pressure 
"Liquid Chromatography (HPLC) on yBondapak Cl8 columns 
using an acetonitrile gradient in 0.1 percent trifluoro- 
acetic acid, followed by a second HPLC step on 
nBondapak CN columns using a gradient of n-propanol in 
0.1 percent trifluoroacetic acid. After the two 
HPLC steeps, analysis of the bovine TGF-8S from both 
salivary gland and kidney by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis under reducing 
conditions showed a single band with an apparent 
molecular weight of 13*000 daltons- At this stage of 
purification, each of the bovine TGF-8 f s had an absolute 
requirement for EGF for colony-forming activity. The 
yield of HPLC-purified TGF-0 was approximately 20-100 
Ug per kg tissue, with a total activity of 7,000- 
18 , 000 colony- forming units. 

Example 5» 

Wound healing protocol . In vivo activity of 
isolated salivary gland TGF-S and kidney TGF-6 was 
measured in accordance with the protocol described by 
T. K. Hunt, et al., Amer. J. Surgery , 114:302 (1967). 
Six empty Schilling-Hunt wire mesh wound chambers were 
surgically inserted subcutaneous ly in the backs of 
rats, in paired symmetrical fashion (A-D, B-E, C-F) 
as shown below: 



TABLE 2 



head 



A 



B 



tail 
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The rats respond to these chambers as if they 
were wounds, and eventually the chambers become filled 
with fibroblasts and collagen. By the fourth day 
after insertion, the chambers become encapsulated with 
5 connective tissue, but there are few cells within the 
chambers themselves* There is thus a defined, enclosed 
space within the chambers, where a wound healing 
response can be quantitatively measured. At this time, 
daily injections of TGF-B (0.1 ml, in sterile phosphate- 

10 buffered saline) into chambers A, B, and C were begun. 
To activate TGP-8 activity, a low level of murine 
EGP was included in all TGP-$ injections, unless 
noted otherwise. Chambers D, E, and P were used as 
controls, and were injected with either an amount of 

15 bovine serum albumin (BSA) alone or in combination 

with either TGF-6 or EGP, such that the total protein 
was equivalent to the amount of TGF-8 inj-ected into 
chambers A, B, apd C. Injections were made once daily 
for either 5 days (Table 2) or 9 days (Table 3). All 

20 injected materials were sterile. The rats were 

sacrificed 6 hours after the last TGP-6 injection; in 
Table 3 they were injected with 0.5 mCi of thymidine- 3 H, 
specific activity 6.7 Ci/millimole (i.p.J together 
with the last TGP-6 injection. The chambers were 

25 removed from the rats, all connective tissue on the 

outside of the wire mesh was peeled away, and then the 
contents of each chamber were determined. 
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Table 2 shows that 5 days of treatment of rats 
with TGF-8 from either bovine salivary gland or bovine 
* kidney caused a significant Increase in total proteirt 
In the treated chambers, as compared to control 
5 chambers treated with an equivalent amount of bovine : 
serum albumin (Experiments 1, 3). The salivary gland 
TGF-6 was still highly active after two steps of 
purification by the high pressure liquid chromatography 
(Experiment 2). The effects observed are not the sole 

10 result of the minute amounts of EGP which had been used 
to potentiate the activity of TGF-g, since a highly 
significant difference between treated chambers A, B 
and C, compared to control chambers D, E and F was still 
observed when EGP was used as the control substance 

15 (Experiment 4). Furthermore, when all chambers were 
treated with TGF-8, and only A, B, and C were treated 
with EGP, no significant difference was observed 
(Experiment 5). At the end of Experiments 1-4, it was 
consistently observed that chambers A, B and C were 

20 more firmly fixed in the surrounding connective tissue 

than the respective matched control chambers, suggesting 
that effects of the TGF-8 also were manifested in the 
area immediately surrounding the chambers. 

In order to measure the effects of bovine salivary 
25 TGP-S on DNA and collagen content of the chambers, It 
was necessary to treat the animals for longer than 5 
days. Table 3 shows the results of a larger experiment 
In which 13 rats were treated for 9 days. The Increases 
In total protein, total DNA, thymidine incorporation . 
30 into DNA, and total collagen were all highly sufficient. 
Histological examination of the contents of the chambers, 
treated with TGF-8 confirmed the occurrence of fibro- 
blastic proliferation and formation of collagen. A 
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sterile Infiltrate of inflammatory cells was also 
found within both, treated and control chambers. 

The results obtained in! both experiments Indicate 
that TGF-&S when activated in accordance with, this 
5 invention, can significantly* accelerate a wound healing 
response. 



Clinical Use Of The Compositions Of This Invention 

The compositions of this invention, whose active 
ingredients are TGF-8 activated by at least one of a 
10 TGF-a and an EGF, can reasonably be expected to have 
clinical use in the treatment of animals, particularly 
mammals , most particularly human beings. There are 
several sound bases for this conclusion. 

It has been shown above, that In in vitro tests, 
15: the compositions can markedly Increase the growth 

of cells without changing their genotype. An important 
characteristic of the components of the compositions 
of this invention, is that they do not appear to be 
species specific. That is, TGF-8 from one species 
20 can be activated by TGF-a and/or EGF from other 
species. The cells whose growth is promoted can 
be of any type such as fibroblast or 
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epithelial, although it is considered that the growth 
promotion of fibroblast cells will have the greatest 
- medical utility. 

The in vivo experimental protocol disclosed 
above, with its very favorable results, clearly indi- 
cates that the compositions of this invention have 
utility in the treatment of traumata by the rapid 
promotion of the proliferation of the 
cells surrounding the traumata. 

Two types of application of the compositions of 
this invention are contemplated. 

The first, and preferred, application is topically 
for the promotion of surface wound healing. There are 
no limitations as to the type of wound or other traumata 
that can be treated, and these include (but are not 
limited to): first, second and third degree bums 
(especially second and third degree); surgical 
incisions, including those of cosmetic surgery; wounds, 
including lacerations, incisions, and penetrations; and 
surface ulcers including decubital (bed-sores), dia- 
betic, dental, haemophiliac, and varicose. Although 
che primary concern is the healing of major wounds by 
fibroblast cell regeneration, it is contemplated that 
the compositions may also be useful for minor wounds, 
and for cosmetic regeneration of cell3 such as epi- 
thelial. It is also contemplated that the compositions 
may be utilized by the topical application to internal 
surgical incisions. 

When applied topically, the compositions may be 
combined with other ingredients, such as carriers and/or 
adjuvants. There are no limitations on the nature 
of such other ingredients, except that they must be 
pharmaceutical^ acceptable, efficacious for their 




WO 84/01106 



- 26 - 



PCT/US83/01460 



intended administration, and cannot degrade the 
activity of the active ingredients of the compositions. 
*When the compositions of this invention are applied 
to burns, they may.be in the form of an irrigant, 
5 preferably in combination with physiological saline 

solution. The compositions can also be in the form of 
ointments or suspensions, preferably in combination 
with purified collagen. The compositions also may be 
impregnated into transdermal patches, plasters, and 
10 bandages, preferably in a liquid or semi-liquid form. 

The second application is systemically for the 
healing of internal wounds and similar traumata. Such 
an application is useful provided that there are no, 
or limited, undesirable side-effects, such as the 
15 stimulation of neoplastic cellular growth. 

When applied systemically, the compositions may 
be formulated as liquids, pills, tablets, lozonges, or 
the like, for enteral administration, or in liquid 
form for parenteral injection. The active ingredients 

20 may be combined with other ingredients such as carriers 
and/or adjuvants. There are no limitations on the 
nature* of such other ingredients, except that they must 
be pharmaceutically acceptable, efficacious for their 
intended administration, and cannot degrade the activity 

25 of the active ingredients of the compositions. 

The amount of activating agent (TGF-cts or EGPs) 
present depends directly upon the amount of TGP-8s 
present in the activated compositions of this invention. 
There are indications that the activation is not catalytic 
30 in nature, and that therefore approximately stoichio- 
metric (equimolar) quantities are preferred. 
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The amount of activated composition to be used 
in the methods of this invention cannot be stated 
* because of the nature of the activity; of TGPs and the 
nature of healing wounds and/or other; traumata. As 
5 indicated above, the TGPs activate cells by binding 
to receptor sites on the cells, after which the TGPs 
are absorbed and utilized by the cells for the synthesis 
of new protein, resulting in cell multiplication. Thus, 
the TGPs are consumed by the cell regenerating process 

1Q itself, rather than acting in an enzymatic or other 
catalytic manner. Receptors for EGPs have been 
found on a wide variety of fibroblastic, epithelial, 
and parietal cells, as disclosed in Gonzalez, et al., 
J, Cell. Biol. , 88:108-144 (1981). Further , i^t has 

15 been calculated that there are 3,000 EGP binding 

(receptor) sites for each rat intestinal epithelial 
cell, as disclosed in M- E. Lafitte, et al., PEBS Lett. , 
114(2); : 243-246 (1980). It must also be obvious that 
the amount of a cell growth promoting substance (such 

2Q as the compositions of this invention) that must be 
utilized will vary with the size of the wound or 
other traumata to be treated-. 

Since the compositions of this invention both 
provoke and sustain cellular regeneration, a continual 

25 application or periodic reapplication of the compositions 
in indicated. 

The amount of active ingredient per unit volume of 
combined medication for administration is also very . . 
difficult to specify, because it depends upon the amount 

30 of active ingredients that are afforded directly to the 
regenerating cells of the wound or other traumata, situs . 
However, it can generally be stated that the TGF-fis 
should preferably be present in an amount of at least 
about 1.0 nanogram per milliliter of combined composition, 

35 more preferably in an amount up to about 1.0 milligram per 
milliliter. 

OMPI 
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Additional Embodiments Utilizing the Compositions 
of this Invention 

In addition to utilizing the activated TGF-S 
compositions of this invention by themselves, it is 
5 possible to .use them in combination with secondary 
growth factors. 

The activated transforming growth factors of 
this invention may be physically admixed with one or 
more of many other (.secondary) peptide and non-peptide 

10 growth factors. Such admixtures may be administered 
in the same manner and for the same purposes as the 
activated transforming growth factors of this 
invention utilized alone, to enhance their activity in 
promoting cell proliferation and repair. 

15 The useful proportions of activated transforming 

growth factor to secondary growth factors are 
1:.1*-10 mols, with about equimolar amounts being 
preferred. 

The secondary growth factors may be used alone 
20 or in any physiologically and pharmaceutically 
compatible combination. 

The known secondary growth factors, in approximately 
descending order of usefulness in this invention (by 
group), include: 

25 1. platelet-derived growth factors 

2. fibroblast growth factors 
angiogenesis factors 

3. insulin-like growth factors including 

somatomedins 
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4 . Insulin 

nerve growth factors 

5. anabolic steroids* 

In addition to the above known secondary growth 
factors, it is reasonable to expect that as yet 
undiscovered secondary growth factors will be useful 
in admixture. 

This invention also incorporates the inactive 
intermediate substance TGF-0 per se. Prior to this 
invention, this substance had not been isolated or 
identified. TGF-0 is believed to be substantially 
the same or very similar for each animal species, 
regardless of the individual of that species or the 
particular body cells from which it is derived. 
Since TGF-6 has been shown to be non-species-specific 
between rodents, cattle, and human beings, it is 
also reasonable to believe that the substance is 
substantially the same or very similar when derived 
from any mammal, and possibly from any animal source. 
It should be noted, moreover, that this invention 
includes TGP-0 regardless of the source from which 
it is isolated or derived, including genetically 
engineered cells. It is well within the capabilities 
of biochemical technology to genetically engineer 
a cell to produce TGF-0 at the present time. 
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Administration of Unactlvated TGF-6 

It is believed that TGF-B has no wound-healing 
or other tissue-repair activity unless it has heen 
activated by an agent as described above, 

5 : However, it is noted that Table 3 Experiment 

5i supra » appears to indicate statistically 
similar results for TGF-8 activated with EGF 
Cchambers A, B, C) and par se (.chambers D, E, 

F). Tiie most logical explanation for this, is that 

10 the TGF-g per se was activated by a TGF already 

present in the test animal. Various TGFs, such as 
EGF, are known to be present in blood plasma. 

Thus, the results of Experiment 5 are not 
inconsistent with this invention, but instead 

15 constitute a 'variant embodiment thereof. 

Specifically* TGF- 6 per se may be administered, 
in accordance with this invention, instead of 
activated TGF- 6, when there are sufficient 
endogenous activating agents present in an animal, 

20 to activate an amount of TGF- 8 sufficient to 

promote cell proliferation and tissue repair. It 
is anticipated that in an animal suffering from 
the -traumata contemplated herein, there usually 
will not be sufficient endogenous activating 

25 agents present. 

The disclosures of the following applications, 
which were filed on the same date as the present 
continuation-in-part application, are entirely 
incorporated herein by reference: 

1. "Transforming Growth Factor-beta From Human 
Platelets", by Richard K. Assoian, Charles A. 
Frolilc, Michael B. Sporn, and Anita B. Roberts. 

2. "Transforming Growth Factor-beta From Human 
Placentas", by Charles A. Frolik, Richard K. 
Assoian, Michael B. Sporn, and Anita B. Roberts 
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WHAT IS CLAIMED IS: 

1. A compositicm for the promotion of cell 
proliferation and tissue repair in animals whose active 
ingredients consist essentially of: 

- bet a- type transforming growth factors 
(TGF-0); and 

- at least one activating agent present in 
an amount sufficient to activate said TGF-g, selected 
from the group consisting of epidermal growth factors 
(EGF) and alpha-type transforming growth factors 
(TGP-a), 

- which active ingredients are present in 
an amount sufficient to promote cell proliferation. 

2. The composition of Claim 1, used for the 
topical promotion of fibroblast cell proliferation in 
mammals wherein the *TGF-g and at least one activating 
agent are present in approximately equimolar amounts. 

3. The composition of Claim 2, wherein said 
TGF-g is present in an amount of at least 1.0 nanogram 
per milliliter of composition. 

4. The composition of Claim 3, wherein said 
TGF-g is present in an amount up to 1 milligram per 
milliliter of composition. 
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5. The composition of Claim 2, wherein the 
activating agent is an EOF. 

6. The composition of Claim 2, wherein the 
activating agent is a TGP-a. 

7-. The composition of Claim 2 further 
containing at least one pharmaceutically acceptable 
carrier. 

8. The composition of Claim 7> wherein the 
carrier is a purified collagen and the composition is 
a suspension for topical application. 

9. The composition of Claim 7, wherein the 
carrier is a physiological saline solution and the 
composition is an irrigant. 

10. The composition of Claim 1, used for the 
systemic promotion of cell proliferation and tissue repair in 
manuals wherein the TGF-£ and at least one activating agent 
are present in approximately equimolar amounts and 
wherein the composition further contains a pharmaceu- 
tically acceptable carrier. 



11. A" method of treating mammalian topical wounds, 
burns, ulcers or other traumata comprising at least 
one topical application of the composition of Claim 2 
in a pharmaceutically acceptable carrier. 
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12. The method of Claim 11, further comprising 
"periodic topical reapplication. 

13. The method of Claim 11 further comprising 
continuing topical application. 

14. A method of treating mammalian systemic 
traumata comprising at least one systemic administrat 
of the composition of Claim 10 in a pharmaceutical^ 
acceptable carrier. 



15. The method of Claim 14, further comprising 
periodic systemic readministration. 



16. The method of Claim 14, further comprising 
continual systemic administration. 

•17. The composition of claim 1 
wherein the activated TGF-fi is admixed 
with at least one secondary growth factor in a mole 
ratio of 1: .1-10. 

18. The composition of claim 17 wherein the 
secondary growth factor is at least one the group 
consisting of: platelet-derived growth factors, 
fibroblast growth factors, angiogenesis growth factors, 
insulin-like growth factors, insulin, nerve growth 
factors, and anabolic steroids. 
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19. The composition of claim 17 wherein the 
secondary growth factor is at least one of the group 
consisting of platelet-derived growth, factors, 
fibroblast growth, factors and angiogenesis factors. 

20. The composition of claim 18 wherein the 
activated TGF-S and secondary growth factors are 
present in about equimolar amounts. 

21. The method of : claim 11 wherein the 
activated TGF-B is admixed with at least one 
secondary growth factor in a mole ratio of 1:.1-10. 

" 22. The method of claim 21 wherein the 
secondary growth factor is at least one of the 
group consisting of: plate let -de rived growth 
factors, fibroblast growth factors, angiogenesis 
growth factors, insulin-like growth factors, 
insulin, nerve growth factors, and anabolic steroids. 

23. Beta-type transforming growth factor. 

24. The growth factor of claim 23 derived 
from a mammalian source. 

25. The growth factor of claim 23 derived 
from a genetically engineered cell. 

26. The growth factor of claim 24 derived 
from a bovine kidney and purified. 

27. The growth factor of claim 24 derived 
.from a human source. 
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28. A transforming growth, factor haying an 
amino acid composition consisting essentially of 
the: following residues per mole hased upon an 
apparent molecular weight of 25»Q00: (wherein ND 
means not determined) 
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Valine 
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11 + 1 


Leucine 


25 +. 1 


Tyrosine 


17 + 2 


Phenylalanine 


8 + 1 


Histidine 


8 + 1 


Lysine 


22 + 2 


Tryptophan 


N.D . 


Arginine 


12 + 1 



29. A transforming growth factor having a 
partial amino acid sequence as determined by 
Edman Degredation consisting essentially of the 
following for each of its two suhunits: 

5 10 15 

Ala-Leu-Asp-Thr~Asn-Tyr-CMC-Phe-Ser-Ser-Thr-Glu-Lys-Asn-CMC*, 

where CMC is Half-cyst ine or cysteine, determined 
as S-carbaxymethylcystelne* 
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30. A method of treating mammalian topical 
wounds, burns, ulcers or other traumata comprising 
at least one topical application of the composition 
of Claim 23 in a pharmaceutical^ acceptable carrier. 

31* A method of treating mammalian systemic 
traumata comprising at least one systemic administration 
of the composition of Claim 23 in a pharmaceutically 
acceptable carrier. 
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